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ABSTRACT
Fish muscle proteins undergo complex physicochemical changes 
during frozen storage which result in the toughening of muscle 
and unpalatability. The aim of this thesis was to examine the 
aggregation of fish proteins as a result of frozen storage, in 
particular the effect of formaldehyde on proteins.
Atlantic cod {Gadus morhua) and Namibian hake (Merluccius 
capensis and Merluccius paradoxus) muscle proteins were 
characterised and differentiated by electrophoretic and 
immunological approaches. The nature of the chemical bonds 
involved was elucidated by the use of reagents capable of 
breaking the non-covalent and covalent bonds. Conformational 
changes of the protein were investigated by both immunological 
and chemical techniques. Structural and textural changes on 
frozen storage in the presence of formaldehyde were examined 
by microscopic, deformation-compression analysis and dynamic 
mechanical testing. In addition, a lysosomal enzyme 
{Trimethylamine oxidase) which is responsible for the 
toughening of gadoid fish muscle during storage was 
characterised.
Electrophoretic separation of the sarcoplasmic proteins from 
Merluccius capensis and Merluccius paradoxus confirmed the 
biological closeness of the two species. A 19kD protein band 
from M. capensis, excised from the SDS gel, was used for the 
production of polyclonal antibodies as analysed by an Enzyme 
Linked Immunosorbent Assay (ELISA).
Formaldehyde and frozen storage augmented the extent of 
protein insolubilisation. An increase in protein 
solubilisation after exposure to a combination of £- 
mercaptoethanol with either SDS, urea or guanidine indicated 
the involvement of both covalent and non-covalent
crosslinkages. Preliminary results with Atomic Force 
Microscopy showed that the protein-formaldehyde aggregates 
were compact crystalline shaped multilayered structures. 
Exposure of myosin solution to formaldehyde led to a 
significant reduction in the myosin ATPase activity, implying 
denaturation of the myosin molecule. Conformational changes in 
myosin were confirmed by a decrease in antigenicity resulting 
from the modification of myosin by formaldehyde which 
indicated occlusion of the antigenic site.
Addition of formaldehyde to fish muscle reduced foaming 
capacity, probably due to dehydration, reducing the ability of 
the protein to orient itself at the air-water interface. This 
also suggested that the hydrophobic amino acids involved in 
foaming capacity were occluded to a certain extent. 
Progressive decline in total and available sulphydryl groups 
suggested that formaldehyde and frozen storage caused protein 
denaturation and crosslinking. Phase contrast microscopy 
showed that exposure of the total myofibrillar proteins to 
high levels of formaldehyde resulted in shrunken and clumped 
fibrous proteins. This was indicative of extensive protein 
dehydration and fibrousness which was perceived as toughness. 
Extensive myofibril fragmentation observed with electron and 
light microscopy demonstrated that the ultrastructural 
integrity of fish muscle was distorted by the addition of 
formaldehyde and frozen storage. The percieved toughness of 
fish treated with increasing levels of formaldehyde was 
confirmed and quantified by large and small deformation 
testing.
Both crude trimethylamine oxidase (TMAOase) and purified 
fractions using Sephadex G-200 indicated enzymic activity. In 
vitro studies in the presence of TMAO as a substrate showed 
that the enzymic activity of these fractions was significantly 
inhibited and activated under aerobic and anaerobic conditions
ii
respectively. The cofactors NADH and NADPH enhanced the 
enzymic activity.
The decrease in trimethylamine oxide levels during frozen 
storage accompanied by the production of free and bound 
formaldehyde indicated that both TMAO decrease and 
formaldehyde contribute to protein aggregation. In contrast, 
only small variations in total volatile bases and 
trimethylamine at -20°C and -30°C were noted indicative of the 
low microbiological content.
The results of this study showed conclusively that 
formaldehyde is only one of many factors involved in the 
denaturation of fish proteins during frozen storage.
LIST OF OBJECTIVES OF THE PROJECT.
The objectives were:
to characterise the fish muscle proteins and 
differentiate between the Namibian hake species 
Merluccius capensis and Merluccius paradoxus; 
to elucidate the chemical aspects related to solubility 
and foaming of fish muscle proteins in the presence of 
formaldehyde;
to assess structural and textural changes in frozen and 
formaldehyde treated fish proteins by microscopy and 
viscoelastic measurements;
to examine the changes in sulphydryl, disulphide and 
hydrophobic groups during frozen storage; 
to examine the changes in sulphydryl, disulphide and 
hydrophobic groups in the presence of formaldehyde; 
to monitor the degradation of trimethylamine oxide, 
formaldehyde and trimethylamine during frozen, storage of 
fish; and
to characterise the enzyme TMAOase and to assess the 
effect of inhibitors
iii
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A B B R E V IA T IO N S
ADP adenosine diphosphate
APS ammonium persulphate
ATP adenosine triphosphate
BFA bound formaldehyde
°C degree centigrade
C-terminus carboxyl terminal end
cm centimetre(s)
DMA dimethylamine
DNTB 5,5'-Dithiobis-(2-nitrobenzoic acid)
DTT diothiothreitol
EDTA ethylenediamine tetra-acetic acid
FA formaldehyde
FAO Food and Agriculture Organisation of 
the UN
FFA free formaldehyde
g gramGlu glutamic acid
Gly glycine
HMM heavy meromyosin
ICSEAF International Commission of the 
South Atlantic Sea Fisheries
kD kilodalton
kg kilogram
LMM light meromyosin
m meter
M molar
mAmp milliampere
mg milligram
Mg microgram
fXl microlitres
pm micrometer
min (s) minute(s)
ml millilitre
mm millimetre
Mwt molecular weight
%N per cent nitrogen
N-terminus amino end terminus
NADH nicotinamide adenine dinucleotide, 
reduced
NAD PH nicotinamide adenine dinucleotide 
phosphate
nm nanometre
nmol nanomole
NMR Nuclear Magnetic Resonance
No. number
Pi inorganic phosphate
rpm revolution per minute
SD standard deviation
SDS sodium dodecyl sulphate
-SH sulphydryl groups
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-SS- disulphide bonds
TCA trichloroacetic acid
TEMED N,N,N,N-Tetramethylethylenediamine
TMA trimethylamine
TMAO trimethylamine oxide
TVBN total volatile base nitrogen
UN United Nations
Wt weight
(v/v) volume to volume
(w/v) weight by volume
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CHAPTER 1 GENERAL INTRODUCTION
1.1 Protein structure
Proteins are polymers composed of twenty naturally 
occurring amino acids. Amino acids are amphoteric compounds 
containing both an acidic carboxyl group (-COOH) and a 
basic amino (-NH2) group. The common amino acids have the 
general structure
R
h2n CH—C02H
in which the amino group, hydrogen, R group and carboxyl 
group are attached to the a-carbon atom. Proline, the 20th 
natural amino acid, is similar but has the side chain 
bonded to the nitrogen atom, giving rise to an imino ring 
structure. The unique properties of individual amino acids 
are established by the presence of R groups. The structure 
of proteins and molecular properties are discussed by 
Creighton (1993).
1.1.1 The peptide bond
The most important single feature of protein structure is 
probably the chemical bond (peptide bond or peptide 
linkage) linking the amino acids together. The central 
carbon atom is designated as a, and the atoms of the side 
chains are commonly designated S, 6, e, a in order away
1
from the a-carbon atom. The peptide bonds occur when the 
amino groups attached to the a-carbon of one amino acid is 
joined to the carboxyl group attached to the a-carbon of a 
second amino acid. When several amino acids (» 50-3000) are 
joined together, the resulting molecule is called a 
polypeptide. The reaction can be viewed as the simple 
elimination of a water molecule between the carboxyl group 
of one amino acid and the amino group of the other.
1.1.2 Forces Stabilising the Protein Structure
There are two types of force stabilising the protein 
structure, namely the covalent forces (disulphide bonds) 
and the non-covalent forces (electrostatic forces, hydrogen 
bonds, van der Waal's forces and hydrophobic forces) 
[Figure 1-1].
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Figure 1-1 Types of bonding stabilising protein structure.
1.1.2.1 Electrostatic forces (ionic bonds)
Refer to the mutual attraction between oppositely charged 
groups in proteins under normal pH conditions. For 
instance, aspartic acid and glutamic acid bear negative 
charges whilst arginine, lysine and histidine usually bear 
positive charges.
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1.1.2.2 Van der Waal's forces
These are weak interactions that occur between all atoms 
whether polar or non-polar even between two noble gases in 
the gas phase. These attractions act only at a very short 
distance. They result from the electrostatic forces between 
the positively charged nucleus of one atom and the 
negatively charged electron of the other. Such forces tend 
to be small yielding energies of 0.1 to 0.2 Kcal/mol, but 
these can add up as the number of interactions between 
molecules increases (Zubay, 1983) .
1.1.2.3 The hydrogen bond
Hydrogen bonds can be seen as intermediate between covalent 
bonding and electrostatic interactions (Creighton, 1993). 
They are formed between two amino acids, one of which has 
a hydrogen donor group, such as the hydroxyl (-OH) group in 
tyrosine, the other having a hydrogen acceptor group, a 
carboxyl group (-COOH) as in glutamic acid.
1.1.2.4 Disulphide bonds
The highly reactive sulphydryl group (-SH), present in 
cysteine, is involved in the formation of disulphide bonds 
(S-S) found in proteins. The disulphide bond is formed by 
cross-linking between two cysteine residues (Liu, 1977) .
1.1.3 Amino Acid Side Chains
Amino acids are divided into subgroups according to the 
properties of the side chains. The side chains vary in 
their charge and chemical reactivity. The amino acid
4
residues have a well defined chemical structure and 
conformation. Therefore, amino acids can be divided into 
different classes (Table 1-1).
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Amino acid Character of side chain
Glutamic acid 
Aspartic acid
Acidic
Lysine
Histidine
Arginine
Basic
Tyrosine
Serine
Threonine
Hydroxyl
Glutamine
Asparagine Amide
Cysteine
Cystine
Methionine
Sulphur
Glycine
Alanine
Valine
Isoleucine
Leucine
Hydrocarbon
Phenylalanine 
Tryptophan
Aromatic
Proline Cyclic Imino
Table 1-1 The character of side chains (deMan, 1980; 
Creighton 1993) .
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1.1.4 Primary structure
Each protein has a unique sequence and distribution of 
amino acid residues. This amino acid sequence of the 
polypeptide chain of a protein molecule is defined as the 
primary structure. In a sense this stable structure 
establishes possibilities for other structural effects, 
described as the configuration or conformation of the 
protein.
1.1.5 Secondary structure
The secondary structure of protein refers to the way in 
which the polypeptide chain is folded. Secondary structural 
features of protein have two aspects. The first is the way 
in which the protein chain is folded; the second is the 
nature of the linkage and bonds which stabilise the 
structure. The most probable component of the secondary 
structure of the protein is the a-helix. For stability the 
helical structures are stabilised by intramolecular bonds. 
Helical coiling is stabilised by hydrogen bonds between the 
peptide (-CONH) linkages of the protein chain. In spite of 
the stability given by the internal hydrogen bonds, not 
much of the helical structure is sufficiently maintained in 
solution, but can unfold into a random disoriented strand.
1.1.6 Tertiary Structure
The tertiary structure defines the overall molecular shape 
and gives defined information about the spatial arrangement 
of reactive amino acid residues. Bonds involved in the
7
s t a b i l i s a t i o n  o f  h e l i c a l  c o i l i n g  a n d  t h e  f o l d i n g  o f  t h e  
h e l i c a l  c o i l  i n c l u d e  c o v a l e n t  f o r c e s  ( d i s u l p h i d e  b o n d s )  a n d  
n o n - c o v a l e n t  b o n d s  ( e l e c t r o s t a t i c  f o r c e s ,  h y d r o g e n  b o n d s ,  
v a n  d e r  W a a l ' s  f o r c e s  a n d  h y d r o p h o b i c  f o r c e s ) .
1 . 1 . 7  Q u a t e r n a r y  S t r u c t u r e
A  f u r t h e r  s t r u c t u r a l  s t a g e  i s  t h e  q u a t e r n a r y  s t r u c t u r e  o f  
t h e  p r o t e i n .  T h i s  i n v o l v e s  t h e  a g g r e g a t i o n  o f  a  n u m b e r  o f  
t e r t i a r y  u n i t s  t o  f o r m  a  c o m p l e x  p r o t e i n ,  f o r  e x a m p l e  
h a e m o g l o b i n .
1 . 2  M u s c l e  S t r u c t u r e
T h e  b a s i c  u n i t  o f  t h e  m u s c l e  i s  t h e  f i b r e ,  a  m u l t i n u c l e a t e ,  
c y l i n d r i c a l  c e l l  b o u n d e d  b y  a n  o u t e r  m e m b r a n e ,  t h e  
s a r c o l e m m a  ( D u n a j s k i ,  1 9 7 9 ) .  F i b r e s  a s s o c i a t e  t o g e t h e r  i n t o  
b u n d l e s ,  a n d  a r e  e n c l o s e d  b y  a  s h e a t h  o f  c o n n e c t i v e  t i s s u e  
( e p i m y s i u m )  c o n s i s t i n g  o f  c o l l a g e n  a n d  e l a s t i n  ( A l b e r t ,
1 9 8 3 )  . W i t h i n  e a c h  f i b r e  i s  a  l i q u i d  m a t r i x  ( s a r c o p l a s m )  , 
w h i c h  c o n t a i n s  m i t o c h o n d r i a ,  e n z y m e s ,  g l y c o g e n ,  A T P ,  
c r e a t i n e  a n d  m y o g l o b i n  ( D u n a j s k i , 1 9 7 9 ) .  I n d i v i d u a l  m u s c l e  
f i b r e s  c o n t a i n  1 0 0 0 - 2 0 0 0  e l o n g a t e d  t h r e a d - l i k e  s t r u c t u r e s  
c a l l e d  m y o f i b r i l s  ( R e g e n s t e i n ,  1 9 8 4 )  w h i c h  a r e  1 - 2  pm t h i c k  
i n  d i a m e t e r  a n d  e x h i b i t  c r o s s  s t r i a t i o n s  o f  a l t e r n a t i n g  
l i g h t  a n d  d a r k  z o n e s .  T h e s e  z o n e s  a r i s e  f r o m  t w o  s e t s  o f  
i n t e r d i g i t a t i n g  f i l a m e n t s ,  t h e  t h i n  a n d  t h i c k  f i l a m e n t s  
t h a t  o v e r l a p  a n d  s l i d e  p a s t  o n e  a n o t h e r  t o  c a u s e  s h o r t e n i n g  
d u r i n g  m u s c l e  c o n t r a c t i o n  ( C o h e n ,  1 9 7 5 ) .
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T h e  m i c r o s c o p i c  a r r a n g e m e n t  o f  f i s h  s k e l e t a l  m u s c l e  d i f f e r s  
f r o m  t h a t  o f  m a m m a l s  a n d  b i r d s .  T h e  f i b r e s  a r r a n g e d  b e t w e e n  
t h e  s h e e t s  o f  c o n n e c t i v e  t i s s u e  a r e  m u c h  s h o r t e r  ( M a c k i e  
a n d  C o n n e l l ,  1 9 6 4 )  . T h e  c o n n e c t i v e  t i s s u e  i s  p r e s e n t  a s  
s h o r t  t r a n s v e r s e  s h e e t s  ( m y c o m m a t a )  w h i c h  d i v i d e  t h e  l o n g  
f i s h  m u s c l e s  i n t o  s e g m e n t s  ( m y c o t o m e s )  c o r r e s p o n d i n g  i n  
n u m b e r s  t o  t h o s e  o f  t h e  v e r t e b r a e  ( K e l l y  a n d  L i t t l e ,  1 9 6 6 ) .  
F i s h  m u s c l e  c o n t a i n s  l e s s  c o n n e c t i v e  t i s s u e  ( c o d  3 % ,  s o l e  
4 % ,  d o g f i s h  1 0 % )  c o m p a r e d  w i t h  r a b b i t  ( 1 5 %  t o  2 1 % )  ( M a c k i e  
a n d  C o n n e l l ,  1 9 6 4 ) .  U n d e r  t h e  m i c r o s c o p e ,  t h e  m y o f i b r i l s  
h a v e  a  s t r i a t e d  a p p e a r a n c e  a s  d o  t h o s e  f r o m  m a m m a l i a n  
m u s c l e ,  a n d  t h e  s a m e  m a j o r  m y o f i b r i l l a r  p r o t e i n s ,  m y o s i n ,  
a c t i n ,  a c t o m y o s i n  a n d  t r o p o m y o s i n  ( T a r r ,  1 9 5 5 ;  S p i n e l l i  a n d  
M i y a n c h i ,  1 9 6 4 )  . H o w e v e r ,  t h e  r a t e  o f  a g g r e g a t i o n  a n d  t h e  
l o s s  o f  e n z y m a t i c  a c t i v i t y  { a d e n o s i n e  p h o s p h a t a s e )  a r e  
f a s t e r  i n  t h e  p r o t e i n s  p r e p a r e d  f r o m  f i s h  m u s c l e  ( M a c k i e  
a n d  C o n n e l l ,  1 9 6 4 ) .  I n d i v i d u a l  m y o f i b r i l s  a r e  s e p a r a t e d  b y  
a  f i n e  n e t w o r k  o f  t u b u l e s  t e r m e d  t h e  s a r c o p l a s m i c  
r e t i c u l u m .
Sarcomoro Sarcomoro
I bead H band
 1 I-----------
Myofibril in contracted state
F i g u r e  1 - 2  T h e  a r r a n g e m e n t  o f  m y o f i l a m e n t s  i n  
s a r c o m e r e
t h e
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1 . 3 . 1  M y o f i b r i l l a r  P r o t e i n s
M y o s i n  a n d  a c t i n  a r e  t h e  m a j o r  m y o f i b r i l l a r  p r o t e i n s  t h a t  
a r e  d i r e c t l y  i n v o l v e d  i n  t h e  c o n t r a c t i o n - r e l a x a t i o n  c y c l e  
o f  l i v e  m u s c l e ,  a n d  h e n c e  t e r m e d  " c o n t r a c t i l e  p r o t e i n s "  
( M a n n h e r z  a n d  G o o d y ,  1 9 7 6 )  . M y o f i b r i l l a r  p r o t e i n s  m a k e  u p  
6 5 - 7 5 %  o f  t h e  t o t a l  m u s c l e  p r o t e i n s  a n d  a r e  c o m p o s e d  o f  
t h i c k  a n d  t h i n  m y o f i l a m e n t s .
1 . 3 . 1 . 1  M y o s i n
S u b s t a n t i a l  i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  a n d  f u n c t i o n  o f  
m y o s i n  h a s  b e e n  g a i n e d  f r o m  t h e  s t u d y  o f  f r a g m e n t s  o b t a i n e d  
a f t e r  t r e a t i n g  t h e  m o l e c u l e  w i t h  p r o t e o l y t i c  e n z y m e s  s u c h  
a s  p a p a i n ,  t r y p s i n  a n d  c h y m o t r y p s i n  ( Y a t e s  a n d  G r e a n e r ,  
1 9 8 3 ;  H a r d y ,  1 9 7 0 ) .  M y o s i n  i s  t h e  m a j o r  m y o f i b r i l l a r  
p r o t e i n ,  c o m p r i s i n g  a p p r o x i m a t e l y  4 5 %  o f  t h e  t o t a l  
m y o f i b r i l l a r  p r o t e i n  ( M a n n h e r z  a n d  G o o d y ,  1 9 7 6 ;  Y a t e s  a n d  
G r e a n e r ,  1 9 8 3 ) ,  a n d  i s  t h e  f u n c t i o n a l  c o m p o n e n t  p r e s e n t  i n  
t h e  t h i c k  f i l a m e n t s  o f  a l l  t y p e s  o f  v e r t e b r a t e  m u s c l e .  I t  
i s  a  v e r y  l a r g e  m o l e c u l e ,  m o l e c u l a r  w e i g h t  5 4 0 k D  ( Y a t e s  a n d  
G r e a n e r ,  1 9 8 3 )  a n d  i s  m a d e  u p  o f  s i x  p o l y p e p t i d e  c h a i n s :  
t w o  i d e n t i c a l  h e a v y  c h a i n s  w i t h  m o l e c u l a r  m a s s  b e t w e e n  
2 0 0 k D - 2 2 0 k D )  a n d  f o u r  l i g h t  c h a i n s  e a c h  a b o u t  2 0 k D  ( L o w e y  
a n d  R i s b y ,  1 9 7 1 ;  S t r y e r ,  1 9 7 5 )  n o n - c o v a l e n t l y  b o u n d  t o  t h e  
h e a v y  c h a i n  ( Y a t e s  a n d  G r e a n e r ,  1 9 8 3 ) .  E l e c t r o n  m i c r o g r a p h s  
s h o w  t h a t  t h e  m o l e c u l e  c o n s i s t s  o f  a  d o u b l e - h e a d e d  g l o b u l a r  
r e g i o n  j o i n e d  t o  a  v e r y  l o n g  a - h e l i c a l  t a i l .  T h e  r o d  i s  a  
t w o - s t r a n d e d  o ! - h e l i c a l  c o i l  s t r u c t u r e .  T h e  l i g h t  c h a i n s  o n
1.3 Muscle Proteins
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t h e  g l o b u l a r  h e a d ,  m a y  b e  r e l e a s e d  b y  d e n a t u r i n g  s o l v e n t s  
s u c h  a s  a l k a l i ,  6 M u r e a ,  1 %  S D S  ( w / v )  a n d  p r o t e o l y t i c  
e n z y m e s .  T h e  a m i n o  a c i d  c o m p o s i t i o n  o f  m y o s i n  f r o m  a l l  
v e r t e b r a t e s  s u c h  a s  r a b b i t ,  c h i c k e n ,  c o d  a n d  t i l a p i a  a r e  
s i m i l a r  ( T a b l e  1 - 2 )  ( M a n n h e r z  a n d  G o o d y ,  1 9 7 6 ;  S u z u k i ,  1 9 8 1  
a n d  S k a r a ,  1 9 9 0 ) .
A m i n o  a c i d C o d T i l a p i a R a b b i t B e e f
A s p a r t i c  a c i d 8 5 9 0 8 5 8 7
T h r e o n i n e 3 6 4 0 4 1 4 3
S e r i n e 4 5 3 9 3 6 3 4
G l u t a m i c  a c i d 1 4 5 1 5 9 1 5 5 1 4 6
P r o l i n e 2 5 2 1 2 2 2 6
G l y c i n e 4 4 4 3 4 3 3 8  i
A l a n i n e 7 1 7 9 7 5 7 3  '
V a l i n e 4 4 4 7 4 7 3 7
M e t h i o n i n e 2 0 2 5 2 3 2 0
I s o l e u c i n e 3 5 3 9 4 3 4 0
L e u c i n e 7 7 8 8 7 8 8 6
T y r o s i n e 1 5 1 8 1 9 1 6
P h e n y l a l a n i n e 2 3 2 9 2 7 2 7
L y s i n e 7 2 9 3 8 9 1 0 7
H i s t i d i n e 1 3 1 6 1 6 1 4
A r g i n i n e 3 8 4 3 4 2 4 2
C y s t i n e 7 . 2 7 . 5 8 . 8 -
T r y p t o p h a n 3 . 7 - 6 . 2 -
T a b l e  1 - 2  A m i n o  a c i d  c o m p o s i t i o n  ( m g / l O O g  p r o t e i n )  o f  c o d  
s k e l e t a l ,  t i l a p i a  d o r s a l ,  r a b b i t  s k e l e t a l  a n d  
b e e f .
S o u r c e s :  C o d  ( C o n n e l l ,  1 9 5 9 ) ;  T i l a p i a  ( T a k a s h i  1 9 7 4 ) ;
R a b b i t  ( B a r a n y  a n d  B a r a n y ,  1 9 6 6 ) ,  B e e f  ( B o d w e l l  
a n d  M c C l a i n ,  1 9 7 1 ) .
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D i f f e r e n c e s  i n  m o l e c u l a r  m a s s  o r  p h y s i o c h e m i c a l  p r o p e r t i e s  
b e t w e e n  f i s h  a n d  r a b b i t  m y o s i n  a r e  s m a l l  ( M a n n h e r z  a n d  
G o o d y ,  1 9 7 6 ;  L o v e ,  1 9 7 5 )  . I n  g e n e r a l ,  t h e  m y o s i n  A T P a s e  
a c t i v i t y  o f  f i s h  m u s c l e  i s  l o w e r  t h a n  t h a t  o f  r a b b i t  m y o s i n  
f r o m  r a b b i t ,  c a r p  a n d  t i l a p i a .  T h e  a m i n o  a c i d  s e q u e n c e  o f  
m y o s i n  o f  m a n y  s p e c i e s  i s  k n o w n  f r o m  s t u d i e s  o f  t h e s e  
p r o t e i n s  a n d  t h e  c l o n e d  g e n e s  o f  m y o s i n s .  T h e  s e q u e n c e  o f  
m y o s i n  f r o m  s p e c i e s  a s  d i f f e r e n t  a s  s l i m e  m o u l d  
[D ic t y o s t e l iu m  d is c o id e u m ] ( Y a t e s  a n d  G r e a n e r ,  1 9 8 3 ) ,  
n e m a t o d e  ( C a e n o r h a b d it is  e le g a n s ) , c h i c k e n  a n d  r a b b i t  h a v e  
m a n y  c o m m o n  f e a t u r e s . A  p r o m i n e n t  o n e  i s  t h e  d e m a r c a t i o n  o f  
t h e  h e a v y  c h a i n  i n t o  a n  a m i n o - t e r m i n a l  g l o b u l a r  h e a d  o f  
a b o u t  8 2 0  r e s i d u e s  ( M w t  *= 9 5 k D )  a n d  a  c a r b o x y - t e r m i n a l  t a i l  
o f  s o m e  1 3 0 0  r e s i d u e s  ( M w t  «  1 4 5 k D ) .
A l l  k n o w n  m y o s i n s  s h a r e  t h e  s e q u e n c e  G l y - G l u - S e r - G l y - A l a n -  
G l y - L y s - T h r - . T h e  u n i n t e r r u p t e d  ol h e l i c a l  s t r u c t u r e  o f  
m y o s i n  i s  f a v o u r e d  b y  t h e  a b s e n c e  o f  p r o l i n e  o v e r  a  s p a c e  
o f  m o r e  t h a n  a  t h o u s a n d  r e s i d u e s  a n d  b y  t h e  a b u n d a n c e  o f  
h e l i x  f o r m e r s  s u c h  a s  l e u c i n e ,  a l a n i n e  a n d  g l u t a m a t e .  T h e r e  
i s  a  r e l a t i v e l y  l o w  n u m b e r  o f  - S H  g r o u p s  i n  m y o s i n ,  w h i c h  
h a s  3 0 - 4 0  t h i o l  r e s i d u e s ,  1 2  o r  1 3  o f  w h i c h  a r e  p r e s e n t  i n  
e a c h  o f  t h e  t w o  h e a d s  ( S k a r a ,  1 9 9 0 ) .
F u n c t i o n a l l y ,  m y o s i n  p o s s e s s e s  t h r e e  i m p o r t a n t  i n t r i n s i c  
p r o p e r t i e s  f i g u r e  ( 1 - 4 ) :
1 ) I t  i s  a n  e n z y m e  w i t h  A T P a s e  a c t i v i t y  
A T P  +  H 2 0  ---------------------- >  A D P  +  H +
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t h i s  r e a c t i o n  p r o v i d e s  t h e  f r e e  e n e r g y  t h a t  d r i v e s  
m u s c l e  c o n t r a c t i o n .
2 )  I t  h a s  t h e  a b i l i t y  t o  b i n d  t o  t h e  p o l y m e r i s e d  f o r m  o f  
a c t i n ;  a n d
3 ) i t  s p o n t a n e o u s l y  s e l f - a g g r e g a t e s  i n t o  f i l a m e n t s  i n  
s o l u t i o n s  o f  p h y s i o l o g i c a l  i o n i c  s t r e n g t h  a n d  p H  ( Y a t e s  
a n d  G r e a n e r ,  1 9 8 3 ;  M a n n h e r z  a n d  G o o d y ,  1 9 7 6 ) .  I n  t h e  
a b s e n c e  o f  a c t i n ,  m y o s i n  A T P a s e  i s  a c t i v a t e d  b y  C a 2+ a n d
i n h i b i t e d  b y  M g 2* .  H o w e v e r ,  i n  t h e  p r e s e n c e  o f  a c t i n ,  M g 2+
/
a n d  h i g h e r  l e v e l s  o f  C a 2+ t h e  e n z y m e  i s  a c t i v a t e d .
1 . 3 . 1 . 2  M y o s i n  s u b f r a g m e n t s
P
M y o s i n  m a y  b e  s p l i t  b y  t r y p s i n  i n t o  t w o  a c t i v e  f r a g m e n t s  
f i g u r e  ( 1 - 3 ) :  l i g h t  m e r o m y o s i n  ( L M M ) , ( M w t  1 5 0  k D ) ,
c o n s i s t i n g  o f  t h e  t a i l ,  a n d  h e a v y  m e r o m y o s i n  (H M M ) ( M w t  3 5 0  
k D )  , c o n t a i n i n g  b o t h  h e a d s  ( Y a t e s  a n d  G r e a n e r ,  1 9 8 3 ;  
K o m i n z ,  e t  a l . ,  1 9 5 9 ) .  T h e  s p l i t t i n g  t a k e s  p l a c e  a t  a
r e g i o n  o f  t h e  t a i l  t h a t  l a c k s  t h e  oi-  c o n f o r m a t i o n  a n d  i s  
t h e r e f o r e  s u s c e p t i b l e  t o  c l e a v a g e  b y  t r y p s i n .  L M M , l i k e  
m y o s i n ,  f o r m s  f i l a m e n t s .  H o w e v e r ,  i t  l a c k s  A T P a s e  a c t i v i t y  
a n d  d o e s  n o t  c o m b i n e  w i t h  a c t i n .  E l e c t r o n  m i c r o s c o p y  a n d  X -  
r a y  d i f f r a c t i o n  h a v e  s h o w n  t h a t  L M M  i s  a  t w o  s t r a n d e d  ot- 
h e l i c a l  r o d  f o r  i t s  e n t i r e  l e n g t h  o f  8 5 0 A .  H M M  h a s  e n t i r e l y  
d i f f e r e n t  p r o p e r t i e s  ( Y a t e s  a n d  G r e a n e r ,  1 9 8 3 ) ;  i t  
c a t a l y s e s  t h e  h y d r o l y s i s  o f  A T P  a n d  b i n d s  t o  a c t i n  b u t  d o e s  
n o t  f o r m  f i l a m e n t s .  H M M  c o n s i s t s  o f  a  s h o r t  r o d  a t t a c h e d  t o  
t w o  g l o b u l a r  d o m a i n s  o f  t h e  m y o s i n s  h e a d s .  T h e r e  a r e  s o m e  
c h a r a c t e r i s t i c  d i f f e r e n c e s  i n  t h e  a m i n o  a c i d  c o m p o s i t i o n  o f
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H M M  a n d  L M M .  H M M  h a s  a  r e l a t i v e l y  h i g h e r  c o n t e n t  o f  
c y s t e i n e ,  p h e n y l a l a n i n e ,  t y r o s i n e  a n d  t r y p t o p h a n  t h a n  t h e  
L M M  ( M a n n h e r z  a n d  G o o d y ,  1 9 7 6 ;  H u s z a r ,  1 9 7 2 ) .  T h e r e  a r e  
t h r e e  u n u s u a l  a m i n o  a c i d s ,  n a m e l y  m e t h y l h i s t i d i n e ,  e - N -  
m o n o m e t h y l l y s i n e  a n d  e - N - t r i m e t h y l l y s i n e  w h i c h  a r e  p r e s e n t  
i n  H M M  d o m a i n  ( K a w a k a m i  e t  a l . ,  1 9 7 1 ;  E l z i n g a  e t  a l . ,
1 9 7 3 )  .
F u r t h e r  c l e a v a g e  b y  p a p a i n  i n  t h e  s t a l k s  y i e l d s  S - l  
f r a g m e n t s ,  c o n s i s t i n g  o f  h e a d p i e c e s  c a r r y i n g  t h e  l i g h t  
c h a i n s .  U n d e r  c o n t r o l l e d  c o n d i t i o n s  t h e  H M M  f r a g m e n t  c a n  
b e  c l e a v e d  f u r t h e r  a t  t h e  s e c o n d  s u s c e p t i b l e  r e g i o n ,  c a l l e d  
h i n g e r  ( M a n n h e r z  a n d  G o o d y ,  1 9 7 6 )  t o  y i e l d  s e p a r a t e  h e a d s ,  
e a c h  t e r m e d  H M M  s u b f r a g m e n t - 1  ( S - l ) , a n d  a  s h o r t  s e g m e n t  o f  
t h e  m y o s i n  t a i l ,  t e r m e d  H M M  s u b f r a g m e n t - 2  ( S - 2 )  . T h e  l e s s  
s t a b l e  b e h a v i o u r  o f  f i s h  m y o s i n  i s  c o n s i d e r e d  t o  b e  d u e  t o  
a n  u n s t a b l e  H M M  ( S - l )  . T h e  M w t  o f  e a c h  h e a d  p o r t i o n  i s  
1 2 0 k D  a n d  t h a t  o f  t h e  S - 2  f r a g m e n t  l O O k D  ( L o w e y ,  1 9 7 9 ) .
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Globular region 
(about 4 0  A x  1 1 0  A)
Light 
chains
-ooc XCOC<X)QCOCOCOCOCOC<X^^
a-H elical coiled-coil rod (2 0  A  X  1 3 4 0  A )  >|£
Figure 1-3
S2 S1
S c h e m a t i c  d i a g r a m  s h o w i n g  ( 1 )  m y o s i n  m o l e c u l e  
( 2 ) a c t i v e  f r a g m e n t s  a f t e r  e n z y m a t i c  c l e a v a g e  
( S t r y e r ,  1 9 8 8 ) .
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F u n c t i o n s  o f  d i f f e r e n t  r e g i o n s  o f  t h e  
m y o s i n  m o l e c u l e
S1 S 2
-M------------------- ►
H M M L M M
+  H aN
A T P - b in d in g
re g io n
H E A D R O D
—  C O O -
A c t in -  L ig h t - c h a in -  
b in d in g  b in d in g  re g io n  
re g io n
T h i c k  f ila m e n t  
fo r m a t io n
F i g u r e  1 - 4  S c h e m a t i c  d i a g r a m  s h o w i n g  t h e  f u n c t i o n s  o f  
d i f f e r e n t  r e g i o n s  o f  t h e  m y o s i n  m o l e c u l e
1 . 3 . 1 . 3  A c t i n
A c t i n  p l a y s  a  m a j o r  r o l e  i n  t h e  f o r c e - g e n e r a t i n g  s y s t e m  o f  
m u s c l e .  I t  i s  a  c o n s t i t u e n t  o f  t h e  t h i n  f i l a m e n t s  a n d  
a c c o u n t s  f o r  2 2 % b y  w e i g h t  o f  t h e  t o t a l  m u s c l e  p r o t e i n  
( M a n n h e r z  a n d  G o o d y ,  1 9 7 6 ;  L o w e y ,  1 9 6 8 ;  K o m i n z ,  e t  a l . ,  
1 9 5 9 ;  C o n n e l l ,  1 9 6 0 ;  S k a r a  a n d  R e g e n s t e i n ,  1 9 9 0 ;  Y a t e s  a n d  
G r e a n e r ,  1 9 8 3 ) .  D e p e n d i n g  o n  e n v i r o n m e n t a l  c o n d i t i o n s ,  i t
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e x i s t s  e i t h e r  i n  a  g l o b u l a r  o r  f i b r o u s  f o r m  ( S t r y e r ,  1 9 7 5 ) .  
I n  a  s o l u t i o n  o f  l o w  i o n i c  s t r e n g t h ,  a c t i n  e x i s t s  a s  a  
g l o b u l a r  m o n o m e r  ( G - A c t i n ) . A s  t h e  i o n i c  s t r e n g t h  i s  
i n c r e a s e d  t o  p h y s i o l o g i c a l  l e v e l s ,  G - a c t i n  p o l y m e r i s e s  i n t o  
a  l o n g  h e l i c a l  p o l y m e r  t e r m e d  f i b r o u s  a c t i n  ( F - a c t i n )  
( K o m i n z ,  e t  a l . ,  1 9 5 9 ) .
E l e c t r o n  m i c r o g r a p h s  h a v e  s h o w n  F - a c t i n  t o  c o n s i s t  o f  t w o  
s t r a n d s  o f  g l o b u l a r  m o l e c u l e s  a b o u t  6  n m  i n  d i a m e t e r ,  
t w i s t e d  i n t o  a  r i g h t  h a n d  h e l i c a l  s t r u c t u r e  w i t h  3  
m o l e c u l e s  p e r  t u r n  ( A l b e r t s ,  1 9 8 3 )  . E a c h  m o l e c u l e  o f  G -  
a c t i n  i s  a s s o c i a t e d  w i t h  o n e  m o l e c u l e  o f  t i g h t l y  b o u n d  C a 2+ 
o r  M g 2 + , w h i c h  s t a b i l i s e s  i t s  g l o b u l a r  c o n f o r m a t i o n ,  a n d  o n e  
m o l e c u l e  o f  n o n - c o v a l e n t l y  b o u n d  A T P  ( A l b e r t s ,  1 9 8 3 ) .  T h e  
t e r m i n a l  p h o s p h a t e  o f  t h e  b o u n d  A T P  i s  h y d r o l y s e d  w h e n  t h e  
G - a c t i n  p o l y m e r i s e  t o  f o r m  F - a c t i n .
A c t i n s  a r e  h i g h l y  c o n s e r v e d  m o l e c u l e s  a n d  d i f f e r  l i t t l e  i n  
a m i n o  a c i d  s e q u e n c e  b e t w e e n  m u s c l e  t y p e s  a n d  s p e c i e s  
( M a r s t o n  a n d  S m i t h ,  1 9 8 5 ;  H a n s o n  a n d  L o w e y ,  1 9 6 3 ;  
V a n d e r k e r c k h o v e  a n d  W e b e r ,  1 9 8 4 ,  1 9 7 9 ) .  T h e  a c t i n  c h a i n  i n  
r a b b i t  s k e l e t a l  m u s c l e  i s  c o m p o s e d  o f  3 7 4  a m i n o  a c i d  
r e s i d u e s  w i t h  a  M w t  o f  4 1 , 7 8 5  ( W a r r i c k  a n d  S p u d i c h ,  1 9 8 7 ;  
M a r s t o n  a n d  S m i t h ,  1 9 8 5 ) .  T h e  a c t i n  p o l y p e p t i d e  c h a i n  i n  
r a b b i t  s k e l e t a l  m u s c l e  h a s  a n  a c e t y l a t e d  a s p a r t i c  a c i d  a t  
t h e  a m i n o - t e r m i n a l  w h e r e a s  p h e n y l a l a n i n e  i s  p r e s e n t  a t  t h e  
c a r b o x y l  e n d .  S k e l e t a l  m u s c l e  c o n t a i n s  a n  u n u s u a l  a m i n o  
a c i d ,  N - m e t h y l h i s t i d i n e  l o c a t e d  a t  p o s i t i o n  7 3  ( W a r r i c k  a n d
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S p u d i c h ,  1 9 8 7 )  . A c t i n  h a s  a  l o w  l e v e l  o f  G l u  r e s i d u e s  a n d  
h i g h  a  l e v e l  o f  G l y  a n d  P r o  r e s i d u e s  w h i c h  h e l p  G - a c t i n  
m o l e c u l e s  f o l d  i n t o  a  n e a r l y  s p h e r i c a l  s h a p e  ( M a n n h e r z  a n d  
G o o d y ,  1 9 7 6 ) .  A p p r o x i m a t e l y  1 4 %  o f  t h e  a m i n o  a c i d  r e s i d u e s  
i n  r a b b i t  m u s c l e  a c t i n  a r e  a c i d i c ,  1 3 %  a r e  b a s i c  a n d  3 3 %  
h a v e  p o l a r  s i d e  c h a i n s  ( B o d w e l l  a n d  M c C l a i n ,  1 9 7 1 )  .
E x t e n s i v e  a c c o u n t s  o f  t h e  s t r u c t u r e  o f  t h e  s k e l e t a l  m u s c l e  
a c t i n  f i l a m e n t  a r e  g i v e n  b y  T a y l o r  a n d  A m o s  ( 1 9 8 1 )  , 
D e R o s i e r  a n d  T i l n e r  ( 1 9 8 4 )  a n d  E g e l m a n  ( 1 9 8 5 )  .
1 . 3 . 2  R e g u l a t o r y  P r o t e i n s
T h e s e  a r e  m y o f i b r i l l a r  p r o t e i n s  w h i c h  a r e  n o t  d i r e c t l y  
i n v o l v e d  i n  c r o s s - b r i d g e  f o r m a t i o n ,  b u t  p a r t i c i p a t e  
i n d i r e c t l y  i n  t h e  c o n t r a c t i o n - r e l a x a t i o n  c y c l e .  T h e y  
i n c l u d e  t r o p o m y o s i n  a n d  t r o p o n i n  w h i c h  f u n c t i o n  t o  i m p a r t  
C a 2+ s e n s i t i v i t y  t o  a c t o m y o s i n .  T h e i r  c o n t e n t ,  h o w e v e r ,  i s  
l o w  i n  m e a t .  I n  f i s h  t r o p o m y o s i n  a c c o u n t s  f o r  a b o u t  2 - 3 %  o f  
t o t a l  m u s c l e  p r o t e i n s .  H e n c e  t h e y  d o  n o t  p l a y  a n  i m p o r t a n t  
p a r t  i n  f o o d  p r o c e s s i n g .
1 . 3 . 2 . 1  T r o p o m y o s  i n
T r o p o m y o s i n  w a s  f i r s t  i s o l a t e d  b y  B a i l e y  ( 1 9 4 8 ) .  O n e  
t r o p o m y o s i n  m o l e c u l e  s p a n s  s e v e n  a c t i n  m o n o m e r s .  
T r o p o m y o s i n  m o l e c u l e s  a r e  p o l y m e r i s e d  h e a d  t o  t a i l  a l o n g  
t h e  a c t i n  f i l a m e n t .  T h e  m o l e c u l e  e x i s t s  a s  a  d i m e r  o f  t w o  
p o l y p e p t i d e  s u b u n i t s ,  t h e  ol a n d  £  c h a i n s  (
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C u m m i n s  a n d  P e r r y ,  1 9 7 3 ;  M a r s t o n  a n d  S m i t h ,  1 9 8 5 ) .  T h i s  
n o m e n c l a t u r e  i s  b a s e d  o n  e l e c t r o p h o r e t i c  m o b i l i t y  i n  S D S ,  
a  h a v i n g  a  h i g h e r  m o b i l i t y  t h a n  £ .  B o t h  c h a i n s  a r e  o f-  
h e l i c a l ,  c o n s i s t i n g  o f  2 8 4  a m i n o  a c i d  r e s i d u e s ,  w i t h  3 . 5  
r e s i d u e s  p e r  t u r n  a n d  t h e y  f o r m  a  s u p e r h e l i x  w i t h  a  n i n e  
r e s i d u e  h e a d  t o  t a i l  o v e r l a p  i n  p o l y m e r i s e d  t r o p o m y o s i n  
( S t e w a r t ,  1 9 8 1 )  . T h e  m o l e c u l a r  w e i g h t  o f  e a c h  c h a i n  i s  
r e p o r t e d  t o  b e  3 4 k D  i n  A l a s k a  P o l l a c k  ( S a n o ,  1 9 8 9 )  a n d  t h e y  
h a v e  v e r y  s i m i l a r  a m i n o  a c i d  s e q u e n c e s .  I n  r a b b i t  a n d  f i s h  
( A l a s k a  P o l l a c k )  , d i m e r s  o f  t w o  a  c h a i n s  a r e  t h e  m o s t  
c o m m o n  f o r m s .
1 .3 .2 .2 Troponin
T r o p o n i n  r e g u l a t e s  t h e  c o n t r a c t i o n  r e l a x a t i o n  p r o c e s s  i n  
s t r i a t e d  m u s c l e ,  b a s e d  o n  a  c h a n g e  i n  i n t r a c e l l u l a r  C a 2+ 
c o n c e n t r a t i o n .  T r o p o n i n  i s  c o m p o s e d  o f  t h r e e  s u b u n i t s  t h a t  
e a c h  p e r f o r m  a  s p e c i f i c  f u n c t i o n  i n  l i v i n g  m u s c l e .  
T r o p o n i n - C  f o r m s  a  c o m p l e x  w i t h  C a 2 + . T h e  M w t  o f  t r o p o n i n  i n  
c a r p  a n d  s h a r k  m u s c l e  i s  1 9 k D  a n d  c o n t a i n s  f o u r  
c a l c i u m / m a g n e s i u m  b i n d i n g  s i t e s  ( K l e e ,  1 9 8 0 ) .
1 . 3 . 3  S a r c o p l a s m i c  P r o t e i n s  ( w a t e r  s o l u b l e )
T h e  p r o t e i n s  o f  f i s h  m u s c l e  s a r c o p l a s m  ( ' m y o g e n ' ) a c c o u n t  
f o r  a b o u t  2 0 - 3 0 %  o f  t h e  t o t a l  p r o t e i n  c o n t e n t  ( H a m o i r ,
1 9 8 5 )  . T h e y  a r e  s o l u b l e  i n  w a t e r  a n d  d i l u t e  b u f f e r .  T h e y  
c o n s i s t  m o s t l y  o f  e n z y m e s  a n d  a r e  i m p o r t a n t  d u e  t o  t h e i r  
i n v o l v e m e n t  i n  c a t a b o l i c  p r o c e s s e s ,  p a r t i c u l a r l y  i n  t h e  
e a r l y  s t a g e s  o f  t h e  b i o c h e m i c a l  c h a n g e s  a s s o c i a t e d  w i t h
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p o s t  m o r t e m .  O n e  u n u s u a l  f e a t u r e  o f  t h e  f i s h  s a r c o p l a s m i c  
p r o t e i n s  m y o g l o b i n  a n d  c y t o c h r o m e  C  i s  t h a t  t h e y  v a r y  
w i d e l y  i n  c o n c e n t r a t i o n  b e t w e e n  f i s h  s p e c i e s ,  b u t  i n  
g e n e r a l  t h e  c o n c e n t r a t i o n  o f  t h e s e  p r o t e i n s  i s  n e a r l y  a s  
h i g h  a s  i t  i s  i n  m e a t .
1 . 3 . 4  C o l l a g e n
T h e  g r e a t e s t  c o n c e n t r a t i o n  o f  c o l l a g e n  i n  f i s h  i s  c o n t a i n e d  
i n  s k e l e t o n ,  h e a d ,  f i n s  a n d  s k i n  ( S i k o r s k i ,  1 9 8 4 ;  
H a r r i n g t o n ,  1 9 7 9 ) .  T h e s e  p a r t s  a r e  n o t  c o m m o n l y  e a t e n .  T h e  
m a i n  p a r t s  o f  f i s h  u s e d  f o r  h u m a n  f o o d  c o n s u m p t i o n  a r e  t h e  
m u s c l e s . F i s h  m u s c l e  g e n e r a l l y  c o n t a i n s  u p  t o  t e n  t i m e s  
l e s s  c o l l a g e n  t h a n  r e d  m e a t .  T h e  c o l l a g e n  a n d  e l a s t i n  
c o n t e n t  i n  t h e  w h o l e  m u s c l e  o f  l a r g e  c o d ,  9 4 - 2 0 7 c m ,  i s  f r o m  
0 . 6 8 - 1 . 3 5 %  o f  t h e  t o t a l  p r o t e i n ,  a s  d e t e r m i n e d  b y  a l k a l i n e  
d i g e s t i o n  ( I r o n s i d e  a n d  L o v e ,  1 9 5 8 ) .  T h e  c o l l a g e n  c o n t e n t  
o f  f i s h  d e p e n d s  o n  t h e  s p e c i e s  a n d  s e a s o n .  D u r i n g  p e r i o d s  
o f  f i s h  s t a r v a t i o n ,  a l b u m i n s  a n d  t h e  m y o f i b r i l l a r  p r o t e i n s  
a r e  d e g r a d e d  w h i l e  t h e  c o n n e c t i v e  t i s s u e s  a r e  c o n s e r v e d .  I n  
t h e  c a s e  o f  c o d ,  e x t r a  c o l l a g e n  i s  d e p o s i t e d  ( S i k o r s k i ,  
1 9 8 4 )  d u r i n g  s t a r v a t i o n  i n  t h e  m y o c o m m a t a  a n d  t h e  s k i n .
T h e  c o n n e c t i v e  t i s s u e  o f  m u s c l e  c o n s i s t s  n o t  o n l y  o f  
c o l l a g e n  b u t  e l a s t i n  a n d  r e t i c u l i n  a n d  t h e  i n t r a c e l l u l a r  
p r o t e i n  c o n n e c t i n  ( M a r u a y a m a ,  1 9 7 6 ) .  T h e  c o n t e n t s  o f  
c o l l a g e n  a n d  c o n n e c t i n  i n  t h e  w h o l e  m u s c l e  o f  c a r p  ( a v e r a g e  
o f  t h r e e  d e t e r m i n a t i o n s )  a r e ,  r e s p e c t i v e l y ,  3 . 0  a n d
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4 . 4 g / 1 0 0 g  p r o t e i n ,  a n d  i n  t h e  d a r k  m u s c l e ,  8 . 6  a n d  
2 . 8 g / 1 0 0 g  p r o t e i n s  ( S k o r s k i  e t  a l . ,  1 9 8 4 ) .
A v a i l a b l e  d a t a  o n  t h e  a m i n o  a c i d  c o m p o s i t i o n  o f  f i s h  m u s c l e  
c o l l a g e n  i n d i c a t e s  t h a t  f i s h  h a s  h i g h e r  a m o u n t s  o f  
e s s e n t i a l  a m i n o  a c i d s  c o m p a r e d  t o  t h a t  o f  b o v i n e  m u s c l e  
c o l l a g e n s .  T h e  c o n t e n t s  o f  s e v e n  e s s e n t i a l  a m i n o  a c i d s  i n  
t h e  m y o c o m m a t a  c o l l a g e n s  o f  h a k e ,  c o d  a n d  c a t f i s h  a r e  
1 7 2 . 3 ,  1 7 4 . 6  a n d  1 7 4 . 9  r e s i d u e s  p e r  1 0 0 0  r e s i d u e s
r e s p e c t i v e l y  a s  c o m p a r e d  t o  1 2 1 . 0  i n  b o v i n e  L .  d o r s i  
i n t r a m u s c u l a r  c o n n e c t i v e  t i s s u e  c o l l a g e n  ( S i k o r s k i  e t  a l . ,  
1 9 8 4 )  .
E q u a l l y ,  t h e  a m i n o  a c i d  c o m p o s i t i o n  o f  e d i b l e  m a r i n e  
m o l l u s c a n  a n d  c r u s t a c e a n  c o l l a g e n s  d i f f e r s  f r o m  t h a t  o f  
m a m m a l i a n  c o l l a g e n  m a i n l y  b y  t h e  s i g n i f i c a n t l y  h i g h e r  
c o n t e n t  o f  a c i d i c  a m i n o  a c i d s  a n d  h y d r o x y l y s i n e . T h e  o t h e r  
d i s t i n g u i s h a b l e  f e a t u r e  o f  m o l l u s c a n  a n d  c r u s t a c e a n  
c o l l a g e n  c o m p a r e d  t o  m a m m a l i a n  c o l l a g e n s  i s  t h a t  i t  
c o n t a i n s  l a r g e r  c o n c e n t r a t i o n s  o f  s e v e n  e s s e n t i a l  a m i n o  
a c i d s .  T h e  f o r m e r  c o n t a i n  1 4 4 . 6 ,  1 5 6 . 3  a n d  2 7 3 . 7  r e s i d u e s  
p e r  1 0 0 0  r e s i d u e s  i n  l o b s t e r  ( K i m u r a  a n d  M a s t u u r a ,  1 9 7 4 ;  
K i m u r a  e t  a l . ,  1 9 6 8 ) ,  b l u e  c r a b  ( K i m u r a  a n d  M a s t u u r a ,  1 9 7 4 ;  
K i m u r a  e t  a l . ,  1 9 6 8 )  a n d  w h i t e  s h r i m p  ( T h o m p s o n  a n d  
T h o m p s o n ,  1 9 6 8 )  r e s p e c t i v e l y .
T h e  s t r u c t u r e  o f  t h e  c o l l a g e n  f i b r i l s  a n d  f i b r e s  m u s t  
i n f l u e n c e  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  t i s s u e ,  m a i n l y  t h e
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s o l u b i l i t y ,  s h r i n k a g e ,  t o u g h n e s s  a n d  b r e a k i n g  s t r e n g t h .  I t  
i s  n o t  u n d e r s t o o d  h o w  t h e s e  p r o p e r t i e s  o f  t h e  c o l l a g e n  
f i b r e s  a n d  c o n n e c t i v e  t i s s u e s  i n f l u e n c e  t h e  d i f f e r e n t  
f e a t u r e s  o f  q u a l i t y  o f  f r e s h  f i s h  a n d  f i s h  p r o d u c t s .  
E q u a l l y ,  i t  i s  n o t  c l e a r  w h a t  r o l e  c o n n e c t i v e  t i s s u e  p l a y s  
i n  t h e  t e x t u r e  o f  c o o k e d  f i s h .  T h e  s m a l l e r  p e r c e n t a g e  o f  
c o n n e c t i v e  t i s s u e s  i n  t h e  f i s h  m u s c l e  a c c o m p a n i e d  b y  t h e  
l o w e r  t e m p e r a t u r e  o f  g e l a t i n i s a t i o n  c o m p a r e d  w i t h  m e a t  
w o u l d  s u g g e s t  t h a t  c o l l a g e n  h a s  a  m u c h  l e s s  s i g n i f i c a n t  
r o l e  i n  c o n t r i b u t i n g  t o  t h e  t e x t u r e  o f  c o o k e d  f i s h .
I n  s h o r t ,  c o l l a g e n  a d d s  l i t t l e  t o  t h e  n u t r i t i o n a l  v a l u e  b u t  
c o n t r i b u t e s  m o s t  t o  t h e  t e n s i l e  s t r e n g t h  a n d  i n t e g r i t y  o f  
t h e  f i s h  m u s c l e  a n d  h a s  a  s i g n i f i c a n t  i n f l u e n c e  o n  t h e  
f u n c t i o n a l  a n d  r h e o l o g i c a l  p r o p e r t i e s  o f  f i s h  p r o d u c t s .  A  
s i g n i f i c a n t  i m p a c t  o n  t h e  q u a l i t y  o f  f r e s h  f i s h  a n d  f r o z e n  
f i s h  c a n  b e  e x e r t e d  b y  p o s t  m ortem  c h a n g e s  i n  c o l l a g e n ,  
w h i c h  l e a d  t o  d i s i n t e g r a t i o n  o f  t h e  f i l l e t s  d u r i n g  c o o k i n g  
a n d  p r o c e s s i n g .  N o  i n f o r m a t i o n  i s  a v a i l a b l e  o n  t h e  r o l e  o f  
c o l l a g e n  i n  f r o z e n  s t o r e d  f i s h .
1 . 4 . 0  D e n a t u r a t i o n  o f  f i s h  m u s c l e  p r o t e i n  a n d  i t s  e f f e c t s  
o n  q u a l i t y
S i n c e  t h e  p i o n e e r i n g  w o r k s  o f  R e a y  a n d  K u c h e l  ( 1 9 3 6 )  a n d  
D y e r  ( 1 9 5 1 )  t h e  d e t e r i o r a t i o n  o f  f i s h  t e x t u r e  h a s  b e e n  
a s c r i b e d  t o  t h e  d e n a t u r a t i o n  o f  m u s c l e  p r o t e i n s ,  e s p e c i a l l y  
t h e  m y o f i b r i l l a r  p r o t e i n s .  D y e r  a n d  D i n g l e  ( 1 9 6 1 )  d e f i n e d  
d e n a t u r a t i o n  o f  m u s c l e  p r o t e i n s  a s  a  " c h a n g e  i n  t h e  p r o t e i n
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s u c h  t h a t  i t  i s  n o  l o n g e r  s o l u b l e  o r  e x t r a c t a b l e  b y  
s o l u t i o n s  u n d e r  c o n d i t i o n s  i n  w h i c h  t h e  n a t i v e  p r o t e i n  i s  
s o l u b l e  o r  e x t r a c t a b l e "  w h i l e  S i k o r s k i  ( 1 9 7 6 )  u s e d  t h e  t e r m  
t o  d e s c r i b e  " a  c o m p l e x  p h e n o m e n o n  i n v o l v i n g  a l t e r a t i o n s  t o  
t h e  s e c o n d a r y  a n d  t e r t i a r y  s t r u c t u r e  o f  p r o t e i n s  d u e  t o  
b r e a k a g e  o f  t h e  b o n d s  t h a t  c o n t r i b u t e  t o  t h e  s t a b i l i t y  o f  
t h e  n a t i v e  p r o t e i n  c o n f o r m a t i o n  w i t h o u t  r u p t u r e  o f  t h e  
c o v a l e n t  l i n k a g e s  b e t w e e n  c a r b o n  a t o m s  i n  t h e  p o l y p e p t i d e  
c h a i n s " .
D e n a t u r a t i o n  l e a d s  t o  c h a n g e s  i n  t h e  v a r i o u s  
p h y s i c o c h e m i c a l  a n d  b i o c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  
p r o t e i n  s u c h  a s  t h e  n u m b e r  o f  c h e m i c a l l y  r e a c t i v e  g r o u p s ,  
s h i f t s  i n  i s o e l e c t r i c  p o i n t  a n d  s o l u b i l i t y  ( S i k o r s k i ,  
1 9 7 6 )  . M a c r o s c o p i c  c h a n g e s  c h a r a c t e r i s t i c  o f  d e n a t u r a t i o n  
i n  s o l u t i o n s  o f  p r o t e i n s  i n c l u d e  l o s s  o f  s o l u b i l i t y ,  
i n c r e a s e d  v i s c o s i t y ,  i n c r e a s e d  t u r b i d i t y ,  l o s s  o f  e n z y m e  
b e h a v i o u r  a n d  c h e m i c a l  b e h a v i o u r  c h a n g e s  ( J o l y ,  1 9 6 5 ) .
C o n n e l l  ( 1 9 5 9 )  p r o p o s e d  t h a t  t h e  m o l e c u l e s  o f  c o d  m y o s i n  
f o r m  a g g r e g a t e s  d u r i n g  f r o z e n  s t o r a g e .  W o r k i n g  w i t h  c o d  
s t o r e d  a t  - 1 4 ° C  f o r  u p  t o  3 0  w e e k s ,  h e  f o u n d  t h a t  8 0 %  o f  
m y o s i n  w a s  r e n d e r e d  i n s o l u b l e  w i t h  o n l y  a  s m a l l  c h a n g e  i n  
a c t i n  s o l u b i l i t y  ( C o n n e l l ,  1 9 6 0 ) .  L a t e r ,  i n  1 9 6 2 ,  C o n n e l l  
s u g g e s t e d  t h a t  d u r i n g  f r o z e n  s t o r a g e ,  c h e m i c a l  c r o s s - l i n k s  
a r e  f o r m e d  b e t w e e n  t h e  m y o f i b r i l l a r  p r o t e i n s ,  m y o s i n  a n d  
a c t i n ,  a n d  b e t w e e n  m y o s i n  m o l e c u l e s  t h e m s e l v e s .  W h e n  m y o s i n  
a n d  a c t i n  a g g r e g a t e  a n d  a r e  i n s o l u b i l i s e d  d u r i n g  f r o z e n
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s t o r a g e ,  t h e  n u m b e r  o f  c r o s s - b r i d g e s  b e t w e e n  t h e  p r o t e i n  
m o l e c u l e s  i n c r e a s e  ( T s u c h i y a ,  1 9 7 9 ) .  I n  t h i s  c r o s s - b r i d g e -  
f o r m a t i o n ,  i o n i c  ( e l e c t r o s t a t i c )  b o n d s ,  h y d r o g e n  b o n d s ,  
n o n - p o l a r  ( h y d r o p h o b i c )  b o n d s  a n d  d i s u l p h i d e  ( - S S - )  b o n d s  
a l l  p l a y  a  p a r t .
1 . 4 . 1  F a c t o r s  C a u s i n g  D e n a t u r a t i o n  D u r i n g  F r o z e n  S t o r a g e
M a n y  f a c t o r s  h a v e  b e e n  r e p o r t e d  t o  c a u s e  p r o t e i n  
d e n a t u r a t i o n  d u r i n g  f r o z e n  s t o r a g e .  T h e s e  f a c t o r s  r e l a t e  t o  
c h a n g e s  i n  f i s h  m o i s t u r e  s u c h  a s  i c e  c r y s t a l  f o r m a t i o n  
( L o v e ,  1 9 6 8 ;  J a r e n b a c j , 1 9 7 5 )  a n d  d e h y d r a t i o n ,  i n c r e a s e  i n  
s o l u t e  c o n c e n t r a t i o n  a n d  i n c r e a s e  i n  d i v a l e n t  c a t i o n  l e v e l  
( S h e n o u d a ,  1 9 8 0 )  . T h e  c h a n g e s  i n  f i s h  m o i s t u r e  a f f e c t  
v a r i o u s  m y o f i b r i l l a r  p r o t e i n s .  O t h e r  f a c t o r s  a f f e c t i n g  
d e n a t u r a t i o n  a r e  r e l a t e d  t o  f i s h  l i p i d s ,  t h e  e f f e c t s  
v a r y i n g  w i t h  t h e  s t a t e  o f  t h e  l i p i d .  I n t a c t  ( u n h y d r o l y s e d ,  
n o t  o x i d i s e d )  l i p i d s  h a v e  b e e n  s h o w n  t o  h a v e  a  p r o t e c t i v e  
e f f e c t  o n  p r o t e i n s  ( S i m u d u  a n d  S i m u d u ,  1 9 5 7 ;  D y e r  a n d  
D i n g l e ,  1 9 6 1 ;  L o v e  a n d  E l e r a i n  1 9 6 5 ;  A i k i b a ,  1 9 6 7 ;  I k e d a  
a n d  T a g u c h i ,  1 9 6 7 )  w h i l e  o t h e r  s t u d i e s ,  p a r t i c u l a r l y  m o d e l  
s y s t e m s ,  i n d i c a t e  a  d e t r i m e n t a l  e f f e c t  o n  p r o t e i n  s t a b i l i t y  
b y  t h e  f o r m a t i o n  o f  l i p o p r o t e i n  c o m p l e x e s  ( S h e n o u d a ,  1 9 7 4 ,  
1 9 7 5 )  . T h e  a c c u m u l a t i o n  o f  f r e e  f a t t y  a c i d s  d e r i v e d  f r o m  
e n z y m i c  o r  n o n - e n z y m i c  h y d r o l y s i s  o f  l i p i d s  h a s  b e e n  s h o w n  
t o  d e c r e a s e  p r o t e i n  e x t r a c t a b i l i t y  ( J a r e n b a c j  a n d  
L i l j e m a r k ,  1 9 7 5 ;  S i k o r s k i ,  1 9 7 6 ) .  O x i d i s e d  l i p i d s  i n t e r a c t  
w i t h  p r o t e i n s  c a u s i n g  u n d e s i r a b l e  c h a n g e s  i n  t h e  p r o p e r t i e s  
o f  t h e  p r o t e i n s  ( T a k a m a ,  1 9 7 4 ;  T a k a m a ,  1 9 7 2 )  . A  s t u d y  b y
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J i a n g  a n d  L e e  ( 1 9 8 5 )  s u g g e s t e d  t h a t  t h e  q u a n t i t y  a n d  
c o m p o s i t i o n  o f  f r e e  a m i n o  a c i d s  a f f e c t e d  t h e  d e g r e e  o f  
m u s c l e  p r o t e i n  d e n a t u r a t i o n .  I n  a d d i t i o n ,  d e n a t u r a t i o n  i s  
a f f e c t e d  b y  t h e  a c t i v i t y  o f  t h e  e n z y m e  t r i m e t h y l a m i n e - N -  
o x i d a s e  ( T M A O a s e ) .
T o  s u m m a r i s e ,  t h e r e  i s  a  c l e a r  r e l a t i o n s h i p  b e t w e e n  t i l e  
d e c r e a s e  i n  p r o t e i n  e x t r a c t a b i l i t y  a n d  t h e  i n c r e a s e  i n  
t o u g h n e s s  o f  f i s h  m u s c l e  ( D y e r ,  1 9 5 0 ;  S i k o r s k i ,  1 9 7 6 ,  1 9 7 8 ,  
1 9 7 8 ,  1 9 8 0 ;  M a t s u m o ,  1 9 7 9 ,  1 9 8 0 ;  S h e n o u d a ,  1 9 8 0 ;  A c t o n
1 9 8 3 ;  N o g u c h i ,  1 9 8 2 )  . W i t h i n  t h e  m y o f i b r i l l a r  g r o u p ,  m y o s i n  
i s  b y  f a r  t h e  m o s t  s e n s i t i v e  p r o t e i n  t o  d e n a t u r a t i o n ,  
w h e r e a s  a c t i n  s h o w s  v e r y  l i t t l e  c h a n g e .  T r o p o m y o s i n  i s  
c o n s i d e r e d  t o  b e  t h e  m o s t  s t a b l e  p r o t e i n  i n  f i s h  d u r i n g  
f r o z e n  s t o r a g e  ( M a t s u m o t o ,  1 9 8 0 ) .  T h e  d e g r e e  o f  p r o t e i n  
d e n a t u r a t i o n  i s  a f f e c t e d  b y  f a c t o r s  s u c h  a s  p H  ( C o w i e  a n d  
L i t t l e ,  1 9 6 6 ) ,  s t o r a g e  p e r i o d  a n d  t e m p e r a t u r e  ( D y e r  1 9 5 1 ;  
L o v e ,  1 9 6 2 )  , s p e c i e s  o f  f i s h  ( S i k o r s k i ,  1 9 7 6 )  a s  w e l l  a s  
t h e  t r e a t m e n t  b e f o r e  f r e e z i n g ,  s t a t e  o f  r i g o r  a t  t h e  t i m e  
o f  f r e e z i n g ,  f r e e z i n g  r a t e ,  a n d  t h a w i n g  m e t h o d s  ( J i a n g  a n d  
L e e ,  1 9 8 5 )  . T e s t s  o n  t h e  e x t r a c t e d  p r o t e i n s  h a v e  b e e n  
c a r r i e d  o u t  w h i c h  h a v e  s h o w n  a  s l i g h t  d e c r e a s e  i n  a v a i l a b l e  
l y s i n e  ( S h e n o u d a ,  1 9 8 0 )  a n d  a  d e c r e a s e  i n  r e a c t i v e  - S H  
g r o u p s  i n  f i s h  m y o s i n  ( B u t t k u s ,  1 9 7 0 ) .
1 . 4 . 2  T h e  R o l e  o f  T r i m e t h y l a m i n e  O x i d e  ( T M A O )  i n  F i s h  
M u s c l e .
T M A O  i s  a  n i t r o g e n o u s  c o m p o u n d  n a t u r a l l y  p r e s e n t  i n  f i s h  
a n d  s h e l l f i s h .  I t s  c o n c e n t r a t i o n  i s  s p e c i e s  d e p e n d e n t .  I t
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i s  i n  e x t r e m e l y  l o w  l e v e l s  o r  e n t i r e l y  a b s e n t  i n  f r e s h  
w a t e r  f i s h ,  w h i l e  i n  m a r i n e  s p e c i e s  i t  i s  a t  p a r t i c u l a r l y  
h i g h  l e v e l s  i n  E l a s m o b r a n c h s  ( s h a r k s  a n d  r a y s )  a n d  s o m e  
t e l e o s t s  ( b o n y  f i s h e s ) . A m o n g s t  t h e  t e l e o s t s ,  t h e  g a d o i d  
f a m i l y  ( c o d ,  p o l l a c k ,  h a d d o c k ,  w h i t i n g ,  h a k e  a n d  c u s s )  
c o n t a i n  t h e  h i g h e s t  a m o u n t s  o f  T M A O ,  w h e r e a s  t h e  f l a t  f i s h  
( p l a i c e ,  f l o u n d e r ,  s o l e ,  a n d  s a n d  d a b )  h a v e  t h e  l o w e s t  
a m o u n t  ( H e r b a r d ,  1 9 8 2 ;  K o n o s u ,  1 9 7 4 ;  S u y a m a  a n d  S u z u k i ,  
1 9 7 5 )  . T h e  o s m o r e g u l a t o r ,  T M A O ,  i n  t h e  f i s h  f l e s h  
o r i g i n a t e s  f r o m  b o t h  t h e  d i e t  a n d ,  i n  s o m e  s p e c i e s ,  i s  
s y n t h e s i s e d  i n  v i v o .  T h e  o r i g i n  o f  T M A ,  D M A  a n d  F A  i n  
f r o z e n  a n d  p r o c e s s e d  f i s h  p r o d u c t s  i s  f r o m  T M A O  d e g r a d a t i o n  
( S p i n e l l i  e t  a l . ,  1 9 8 1 ;  A m a n o  a n d  Y a m a d a ,  1 9 6 5 ) .
1 . 4 . 3  P a t h w a y s  o f  T M A O  d e g r a d a t i o n .
T w o  p o s s i b l e  r o u t e s  o f  T M A O  d e g r a d a t i o n  a r e  p r o p o s e d  f i g u r e  
( 1 - 5 )  : r e d u c t i o n  o f  T M A O  t o  g i v e  T M A  a n d  a  d e m e t h y l a t i o n  
r o u t e  g i v i n g  r i s e  t o  D M A  a n d  F A .
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Figure 1-5
B r e a k d o w n  o f  T r i m e t h y l a m i n e  o x i d e ( T M A O )  t o  
t r i m e t h y l a m i n e ( T M A ) ,  d i m e t h y l a m i n e ( D M A )  a n d
f o r m  a l d e h y d e  ( F A )  d u r i n g  f r o z e n  s t o r a g e  o f  f i s h .
\
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1 . 4 . 3 . 1  F o r m a t i o n  o f  T M A
T M A O  b r e a k d o w n  t o  T M A  i s  c a u s e d  b y  t h e  a c t i o n  o f  p s y c h o -  
t r o p h i c  m i c r o o r g a n i s m s ,  p r i n c i p a l l y  P seudom onas s p .  ( S h e w -  
a n ,  1 9 6 2 ) .  S o m e  b a c t e r i a ,  f o r  e x a m p l e  A lt e ro m o n u s  p u t r e -  
f a c ia n s ,  c o n t a i n  T M A O  r e d u c t a s e  a n d  a r e  a b l e  t o  u t i l i s e  
T M A O  a s  t h e  t e r m i n a l  e l e c t r o n  a c c e p t o r  i n  a n a e r o b i c  r e s p i r ­
a t i o n .  B e c a u s e  o f  t h e  d i r e c t  r e l a t i o n s h i p  b e t w e e n  b a c t e r i a l  
g r o w t h  a n d  d e c o m p o s i t i o n ,  T M A  h a s  b e e n  s u g g e s t e d  a s  a  
s p o i l a g e  i n d i c a t o r ,  f o r  e x a m p l e  t h e  l i m i t  f o r  a c c e p t a b l e  
s h r i m p  i n  s o m e  s e c t o r s  o f  t h e  A u s t r a l i a n  a n d  J a p a n e s e  
m a r k e t s  i s  5 m g  T M A / l O O g  ( M o n t g o m e r y ,  1 9 7 0 )  .
1 . 4 . 3 . 2  F o r m a t i o n  o f  D M A  a n d  F A
U n l i k e  T M A  w h o s e  f o r m a t i o n  p a r a l l e l s  m i c r o b i a l  g r o w t h ,  t h e  
f o r m a t i o n  o f  D M A  o c c u r s  m a x i m a l l y  a t  t e m p e r a t u r e s  b e l o w  
- 5 ° C  t o  - 1 0 ° C  ( S p i n e l l i  e t  a l . ,  1 9 8 1 )  . T h e  f o r m a t i o n  o f  D M A  
i s  p r i m a r i l y  d u e  t o  e n d o g e n o u s  e n z y m e s  ( T M A O - d e m e t h y l a s e s ) . 
I f  f i s h  i s  s t o r e d  u n c o o k e d  a n d  f r o z e n ,  m i c r o b i a l  g r o w t h  i s  
r e d u c e d .  H o w e v e r ,  d u e  t o  t h e  a c t i o n  o f  e n d o g e n o u s  e n z y m e s ,  
T M A O  c o n t i n u e s  t o  d e c o m p o s e  s l o w l y  t o  g i v e  D M A  a n d  F A .  T h e  
p r o d u c t s  o f  t h i s  b r e a k d o w n  a r e  p r i n c i p a l l y  d i m e t h y l a m i n e  
a n d  f o r m a l d e h y d e  ( A m a n o  a n d  Y a m a d a ,  1 9 6 4 ;  T o k u n a g a ,  1 9 6 4 ;  
Y a m a d a ,  1 9 6 9 ) .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  p r e s e n c e  
o f  f o r m a l d e h y d e  i s  a s s o c i a t e d  w i t h  t h e  d e v e l o p m e n t  o f  a  
t o u g h  r u b b e r y  t e x t u r e  d u r i n g  f r o z e n  s t o r a g e  o f  f i s h  ( A m a n o  
a n d  Y a m a d a ,  1 9 6 4 ;  Y a m a d a ,  1 9 6 9 ;  D i n g l e  a n d  H i n e s ,  1 9 7 5 ;  
G i l l ,  1 9 7 9 ;  C r a w f o r d ,  1 9 7 9 ) .  A  l a r g e  f r a c t i o n  o f  t h e  F A  
p r o d u c e d  i n  r e d  h a k e  m u s c l e  h a s  b e e n  s h o w n  t o  r e a c t  w i t h
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l o w  m o l e c u l a r  w e i g h t  s u b s t a n c e s  i n  t h e  t i s s u e  s u c h  a s  a m i n o  
a c i d s ,  n u c l e o t i d e s  a n d  c r e a t i n i n e  ( B a n d a  a n d  H u i t i n ,  1 9 8 3 ;  
R e h b e i n ,  1 9 8 5 ) .  T h e  c o n s e q u e n c e s  o f  t h i s  d e c o m p o s i t i o n  a r e  
p a r t i c u l a r l y  i m p o r t a n t  t e c h n o l o g i c a l l y  s i n c e  f r e e z i n g  i s  
c o m m o n l y  u s e d  a s  a  m e a n s  o f  p r e s e r v i n g  f i s h  a n d  i t s  b y ­
p r o d u c t s .  F u r t h e r m o r e ,  s i n c e  T M A O  i s  k n o w n  t o  s t a b i l i s e  
p r o t e i n s  a g a i n s t  c o n f o r m a t i o n a l  c h a n g e s ,  i t s  e n z y m a t i c  
r e m o v a l  d u r i n g  f r o z e n  s t o r a g e  c o u l d  c a u s e  p r o t e i n  
d e s t a b i l i s a t i o n  a n d  a g g r e g a t i o n .  D e p l e t i o n  o f  T M A O  i n  t h e  
f i s h  m u s c l e  d e c r e a s e s  t h e  s t a b i l i t y  o f  t h e  s y s t e m ,  r e n d e r ­
i n g  i t  m o r e  s u s c e p t i b l e  t o  a  f r e e z e  d e n a t u r a t i o n  m e c h a n i s m .
1 . 4 . 3 . 3  C h e m i c a l  B r e a k d o w n  o f  T M A O  t o  T M A ,  D M A  a n d  F A
C y s t e i n e  i n  t h e  p r e s e n c e  o f  i r o n  ( F e )  o r  h a e m o g l o b i n  c a u s e s  
t h e  d e c o m p o s i t i o n  o f  T M A O  t o  T M A ,  D M A  a n d  F A  ( V a i s e y ,  
1 9 5 6 ) .  F e r r i s  ( 1 9 6 7 )  s h o w e d  t h a t  F e 2+ w a s  t h e  i n i t i a t o r  o f  
t h e  d e a l k y l a t i o n  o f  T M A O  a n d  t h a t  t h i s  p r o c e e d e d  v i a  a  f r e e  
r a d i c a l  m e c h a n i s m .  S p i n e l l i  a n d  K o u r y  ( 1 9 8 1 )  f o u n d  t h a t  t h e  
c a t a b o l i t e s  o f  c y s t e i n e  a n d  F e 2+ c a t a l y s e  t h e  d e g r a d a t i o n  o f  
T M A O  t o  D M A .  A l t h o u g h  c y s t e i n e  i t s e l f  d i d  n o t  c a t a l y s e  t h e  
d e g r a d a t i o n  o f  T M A O  i n  v i t r o ,  i t  d i d  i n  l i v e r  h o m o g e n a t e s .  
S p i n e l l i  a n d  K o u r y  ( 1 9 8 1 )  f o u n d  F e 2+ t o  b e  a n  a b s o l u t e  
r e q u i r e m e n t  f o r  t h e  d e g r a d a t i o n .
D e c o m p o s i t i o n  o f  T M A O  d u r i n g  c a n n i n g  a n d  s t o r a g e  o f  c a n n e d  
f i s h  s h o u l d  b e  p r i m a r i l y  r e g a r d e d  a s  a  c h e m i c a l  b r e a k d o w n .  
T h i s  i s  i n  v i e w  o f  t h e  f a c t  t h a t  t h e  c a n n i n g  p r o c e s s  
d e s t r o y s  v i r t u a l l y  a l l  m i c r o o r g a n i s m s  a n d  d e n a t u r e s
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e n z y m e s .  I n  c a n n i n g ,  w h e r e  t h e  f l e s h  i s  h e a t e d  a t  h i g h  
t e m p e r a t u r e s  ( 1 1 0 ° C - 1 2 0 ° C )  u n d e r  p r e s s u r e ,  T M A O  c a n  d e c o m ­
p o s e  t o  T M A  o r  D M A  a n d  F A .  I n  f i s h  w i t h  a  h i g h e r  c o n c e n t r a ­
t i o n  o f  h a e m o p r o t e i n ,  p a r t i c u l a r l y  f a t t y  f i s h e s ,  
p r o p o r t i o n a t e l y  l a r g e r  a m o u n t s  o f  D M A  a n d  F A  a r e  p r o d u c e d  
d u r i n g  t h e  c a n n i n g  p r o c e s s  ( T o k u n u g a ,  1 9 7 5 ) .  D u r i n g  s t o r a g e  
o f  c a n n e d  f i s h  t h e  r e m a i n i n g  T M A O  c a n  b e  r e d u c e d  t o  T M A  
c a u s i n g  c o r r o s i o n  a n d  d i s c o l o r a t i o n  o f  t h e  f l e s h .  T h e r e  i s  
a  c h a r a c t e r i s t i c  g r e e n  d i s c o l o r a t i o n  i n  t u n a  c a u s e d  b y  t h e  
b r e a k d o w n  p r o d u c t  o f  T M A O  i n t e r a c t i n g  w i t h  t h e  f i s h  
m y o g l o b i n .  T u n a  w i t h  a  h i g h  c o n t e n t  o f  m y o g l o b i n  i s  u n s u i t ­
a b l e  f o r  c a n n i n g  ( H e r b a r d ,  1 9 8 2 ) .  I t  h a s  t h e r e f o r e  b e e n  
s u g g e s t e d  t h a t  t h e  r a t i o  T M A O / T M A O + T M A + D M A  b e  a p p l i e d  a s  a n  
i n d e x  o f  q u a l i t y  i n  c a n n e d  f i s h  ( T o k u n a g a ,  1 9 8 0 ) .
1 . 4 . 4  T o x i c o l o g i c a l  i m p o r t a n c e  o f  F A  a n d  D M A  i n  f i s h
F A  i s  t o x i c  t o  m a n  a l t h o u g h  m u c h  o f  t h e  t o x i c i t y  w o r k  h a s  
b e e n  r e l a t e d  t o  F A  v a p o u r .  N o  d i r e c t  c o r r e l a t i o n  c a n  b e  
d r a w n  w i t h  t h e  l o w  a m o u n t s  o f  F A  p r o d u c e d  i n  f r o z e n  f i s h .  
A l t h o u g h  D M A  i s  n o t  r e g a r d e d  a s  t o x i c  p e r  s e ,  Z e i s e l  ( 1 9 8 5 )  
s h o w e d  t h a t  D M A  i n  t h e  m a m m a l i a n  s t o m a c h  c a n  r e a c t  w i t h  
n i t r i t e  ( d e r i v e d  f r o m  d i e t a r y  n i t r a t e  b y  b a c t e r i a l  e n z y m e s )  
t o  p r o d u c e  t h e  t o x i c  c o m p o u n d  n i t r o s o - D M A .
1 . 4 . 5  I n t e r a c t i o n  o f  F o r m a l d e h y d e  w i t h  P r o t e i n s  a n d  o t h e r  
F i s h  M u s c l e  C o m p o n e n t s
T h e  b r e a k d o w n  o f  T M A O  b y  e n z y m e s  p r o d u c e s  s t o i c h i o m e t r i c  
q u a n t i t i e s  o f  D M A  a n d  F A  i n  v i t r o  ( C a s t e l l ,  1 9 7 4 ;  H a r a d a ,
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1 9 7 5 )  . H o w e v e r ,  m e a s u r e m e n t  i n  v i v o  d o e s  n o t  n o r m a l l y  s h o w  
e q u i m o l a r  q u a n t i t i e s  o f  F A  a n d  D M A .  T h i s  i s  a t t r i b u t e d  t o  
t h e  h i g h  r e a c t i v i t y  o f  F A  w i t h  t i s s u e  c o m p o n e n t s ,  p r i n c i ­
p a l l y  p r o t e i n s  b u t  a l s o  a m i n o  a c i d s  a n d  n u c l e i c  a c i d s  
( B a n d a  a n d  H u l t i n ,  1 9 8 3 ;  R e h b e i n ,  1 9 8 5 ) .  T h e  m o s t  a f f e c t e d  
m u s c l e  p r o t e i n s  a r e  t h e  m y o s i n  l i g h t  c h a i n s  ( G i l l ,  1 9 7 9 ) ,  
t r o p o n i n  ( C h i l d s ,  1 9 7 3 ) ;  t r o p o m y o s i n  ( C h i l d s ,  1 9 7 3 )  a n d  
m y o s i n  h e a v y  c h a i n s  ( O h n i s h i ,  1 9 7 9 ;  C h i l d s  1 9 7 3 ) .
F o r m a l d e h y d e  a l s o  r e a c t s  w i t h  s a r c o p l a s m i c  p r o t e i n s  ( C a s t -  
e l l ,  1 9 7 3 ;  P o u l t e r  a n d  L a w r i e ,  1 9 7 8 ) ,  m a i n l y  t h e  b a s i c  
p r o t e i n s  ( R e h b e i n ,  1 9 8 5 ) .  D e t a i l s  o f  t h e  c h e m i s t r y  o f  t h e  
r e a c t i o n s  b e t w e e n  f o r m a l d e h y d e  a n d  p r o t e i n s  a r e  o n l y  
r e c e n t l y  b e i n g  e l u c i d a t e d  u s i n g  m o d e l  s y s t e m s .  T h e  m e c h a n ­
i s m  b y  w h i c h  F A  a f f e c t s  p r o t e i n s  i s  c o n s i d e r e d  t o  i n v o l v e  
c o v a l e n t  b i n d i n g  v a r i o u s  f u n c t i o n a l  g r o u p s  i n  t h e  p r o t e i n  
c a u s i n g  c o n f o r m a t i o n a l  c h a n g e s  a c c o m p a n i e d  b y  c r o s s - l i n k ­
a g e s  b e t w e e n  t h e  p r o t e i n  p e p t i d e  c h a i n s  v i a  m e t h y l e n e  
b r i d g e s ,  d i s u l p h i d e ,  h y d r o p h o b i c  a n d  h y d r o g e n  b o n d s  ( S i k o r ­
s k i ,  1 9 7 6 ) .
S t u d i e s  w i t h  m o d e l  s y s t e m s  i n v o l v i n g  F A  a n d  B S A  a t  3 7 ° C  
h a v e  s h o w n  t h a t  F A  i s  b o u n d  a t  t h r e e  d i f f e r e n t  l e v e l s  
( B i z z i n i  a n d  R a y n a u d ,  1 9 7 4 ;  T o m e ,  1 9 7 9 ) .  T o m e  ( 1 9 8 5 )  s h o w e d  
b y  13C  N M R  s p e c t r o s c o p y  t h a t  t h e  r e v e r s i b l y  b o u n d  F A  
( r e m o v e d  b y  d i a l y s i s )  g a v e  h y d r o x y m e t h y l  c o m p o u n d s ,  p a r ­
t i c u l a r l y  w i t h  t h e  E p s i l o n  a m i n o  g r o u p  o f  l y s i n e .  S e c o n d l y ,  
a c i d  e x t r a c t a b l e  f o r m a l d e h y d e  w a s  b o u n d  t o  t h e  p r o t e i n  a s
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h y d r o x y m e t h y l  g r o u p s  o r  m e t h y l e n e  b r i d g e s  b e t w e e n  l y s i n e  
a n d  o t h e r  a m i n o  a c i d s  s u c h  a s  a r g i n i n e ,  a s p a r a g i n e  o r  
g l u t a m i n e .  I n  a d d i t i o n  t h r e e  a c i d  r e s i s t a n t  c o m p o u n d s  l i k e  
m e t h y l  l y s i n e ,  f o r m y l - l y s i n e  a n d  l y s i n e - t y r o s i n e  m e t h y l e n e  
b r i d g e s  w e r e  a l s o  d e t e c t e d .  T h e s e  w e r e  t h o u g h t  t o  b e  t h e  
r e v e r s i b l e  s t e p  i n  t h e  c r o s s l i n k i n g  b e t w e e n  F A  a n d  a l b u m i n  
i n  t h e  m o d e l  s y s t e m s  ( B i z z i n i  a n d  R a y n a u d ,  1 9 7 4 ;  T o m e  e t  
a l . ,  1 9 8 5 ) .  T o m e  ( 1 9 8 5 )  c o n c l u d e d  t h a t  t h e  l y s i n e - a r g i n i n e  
m e t h y l e n e  b r i d g e  w a s  t h e  m a j o r  l i n k  b e t w e e n  F A  a n d  a l b u m i n  
a t  3 7 ° C .
F A  a c t i o n  a l s o  d e p e n d s  o n  p H .  T h u s ,  i n c r e a s i n g  t h e  p H  f r o m
6 . 6  t o  7 . 6  i n  c r u d e  c a r p  m u s c l e  i n c r e a s e d  t h e  r e a c t i v i t y  o f  
F A  ( R e h b e i n ,  1 9 8 5 )  . T h e  t y p e  o f  p r o t e i n  i s  a l s o  i m p o r t a n t  
( C a s t e l l ,  1 9 7 3 ) .  I n  g e n e r a l  t h e  m o s t  a f f e c t e d  p r o t e i n s  a r e  
t h e  m y o s i n  l i g h t  c h a i n s  ( O h n i s h i  a n d  R o d g e r ,  1 9 7 9 ;  G i l l ,  
1 9 7 9 )  a n d  t r o p o m y o s i n  ( C h i l d s ,  1 9 7 3 ;  O h n i s h i  a n d  R o d g e r ,
1 9 7 9 )  . T h e  e f f e c t s  o f  f o r m a l d e h y d e  r e a c t i v i t y  d e p e n d s  o n  
t h e  s t a t e  o f  t h e  p r o t e i n :  i f  t h e  p r o t e i n  i s  i n  s o l u t i o n  ( a t  
h i g h  i o n i c  s t r e n g t h )  t h e r e  i s  n o  r e d u c t i o n  o f  s o l u b i l i t y  
e v e n  a t  h i g h  c o n c e n t r a t i o n s  o f  F A ,  w h e r e a s  a t  l o w  i o n i c  
s t r e n g t h  ( e . g .  a  g e l )  t h e  s o l u b i l i t y  i s  h i g h l y  a f f e c t e d  b y  
s m a l l  a m o u n t s  o f  F A  ( T o n u n a g a ,  1 9 8 0 ;  O h n i s h i  a n d  R o d g e r ,
1 9 8 0 )  . T h e  h i g h  s t a b i l i t y  o f  p r o t e i n  i n  s o l u t i o n  o c c u r s  
b e c a u s e  t h e  p r o t e i n  i s  m o r e  h y d r a t e d  d u e  t o  t h e  h i g h  i o n i c  
s t r e n g t h  ( T o n u n a g a ,  1 9 8 0 ) .  U n d e r  n o r m a l  p h y s i o l o g i c a l  
c o n d i t i o n s  p r o t e i n s  a r e  s u r r o u n d e d  b y  a  l o w  i o n i c  s t r e n g t h  
m e d i u m  a n d  s o  l o w  c o n c e n t r a t i o n s  o f  F A  w o u l d  b e  e x p e c t e d  t o
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c a u s e  i n s o l u b i l i t y .  T h e s e  t h e o r i e s  c o n t r a d i c t  t h e  e a r l i e r  
o b s e r v a t i o n s  o f  K o s t u c h  a n d  S i k o r s k i  ( 1 9 7 7 )  w h o  s h o w e d  t h a t  
i n c r e a s i n g  p o t a s s i u m  c h l o r i d e  c o n c e n t r a t i o n  f r o m  0 . 3  t o  
1 . 6 M  i n c r e a s e d  t h e  b i n d i n g  o f  F A .
1 . 4 . 6  C o r r e l a t i o n  o f  t h e  a m o u n t  o f  D M A  w i t h  t h e  d e t e r i o r a ­
t i o n  o f  f i s h  q u a l i t y
C o r r e l a t i o n s  o f  D M A  a n d  F A  a c c u m u l a t i o n  w i t h  t h e  d e t e r i o r a ­
t i o n  o f  f i s h  q u a l i t y  h a v e  b e e n  m a d e  ( D i n g l e  a n d  H i n e s ,  
1 9 7 7 ;  G i l l ,  1 9 7 9 ;  T o n u n g a ,  1 9 8 0 ;  B a b b i t ,  1 9 8 4 ;  O w u s u - A n s a h  
a n d  H u l t i n ,  1 9 8 6 )  . H o w e v e r ,  t h e  a m o u n t s  o f  D M A  h a v e  c o r r e ­
l a t e d  b e t t e r  t h a n  t h e  a m o u n t s  o f  F A .  T h i s  h a s  b e e n  
a t t r i b u t e d  t o  t h e  i n c o m p l e t e  m e a s u r e m e n t  o f  F A  d u e  t o  
i r r e v e r s i b l e  b i n d i n g  t o  o t h e r  f i s h  c o m p o n e n t s .  C o n s e q u e n t l y  
D M A  h a s  b e e n  a d o p t e d  a s  a n  i n d i r e c t  i n d e x  o f  F A  f o r m a t i o n .  
I t  h a s  a l s o  b e e n  p r o p o s e d  t h a t  D M A  c o n t e n t  i s  u s e d  a s  a  
q u a l i t y  i n d e x  o f  p r o d u c t s  f r o m  s p e c i e s  w h i c h  p r o d u c e  F A  
( C a s t e l l ,  1 9 7 0 ;  T o n u n a g a ,  1 9 8 0 ;  S a m s o n  a n d  R e g e n s t e i n ,
1 9 8 6 )  .
C o r r e l a t i o n s  h a v e  a l s o  b e e n  m a d e  b e t w e e n  c h a n g e s  o f  f u n c ­
t i o n  a n d  D M A  a c c u m u l a t i o n  i n  p a r t s  o f  t h e  s a m e  f i s h  ( A l a s k a  
p o l l a c k )  ( T o k u n a g a ,  1 9 8 0 ) .  D e s p i t e  t h e  g o o d  c o r r e l a t i o n  
f o u n d  f o r  t e x t u r e  a n d  p r o t e i n  s o l u b i l i t y ,  t h e r e  w e r e  c a s e s  
i n  t h e  l i t e r a t u r e  w h e r e  t h i s  c o r r e l a t i o n  w a s  n o t  f o u n d  
( S t a n l e y  a n d  H u l t i n ,  1 9 8 4 ) .
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T h e  f a c t  t h a t  t h e r e  h a s  b e e n  g o o d  c o r r e l a t i o n  b e t w e e n  D M A -  
p r o d u c t i o n  a n d  t e x t u r a l  c h a n g e s  d o e s  n o t  p r o v i d e  d i r e c t  
e v i d e n c e  o f  c a u s e  a n d  e f f e c t  o r  t h a t  T M A O  b r e a k d o w n  p r o d ­
u c t s  a r e  t h e  s o l e  c a u s e  o f  t e x t u r e  d e t e r i o r a t i o n .  L a i r d  
( 1 9 8 2 )  s u g g e s t e d  t h a t  w h i l e  t h e  c l o s e  c o r r e l a t i o n  b e t w e e n  
t e x t u r a l  c h a n g e  a n d  i n i t i a l  r a t e  o f  D M A  f o r m a t i o n  s u p p o r t e d  
f o r m a l d e h y d e  i n v o l v e m e n t  i n  f r o z e n  s t o r a g e  d e t e r i o r a t i o n ,  
i t  d i d  n o t  s o l v e  t h e  p r o b l e m  o f  t h e  t o u g h e n i n g  m e c h a n i s m  i n  
t h e  w h o l e  h a d d o c k  m u s c l e  w h e r e  l i t t l e  f o r m a l d e h y d e  i s  
p r o d u c e d  a n d  y e t  t h e  s a m e  t e x t u r a l  c h a n g e s  t h a t  o c c u r  i n  
c o d  m u s c l e  a r e  o b s e r v e d .  L a i r d  a n d  M a c k i e  ( 1 9 8 2 )  c o n c l u d e d  
i n  a  s t u d y  o f  c o d  m u s c l e  t h a t  t h e  m a j o r  p o r t i o n  o f  t h e  
p r o t e i n  w a s  d e n a t u r e d  b y  t h e  f o r m a t i o n  o f  n o n - c o v a l e n t  
b o n d s .
I t  h a s  b e e n  s h o w n  ( R o d g e r  a n d  H u s t i n g s ,  1 9 8 4 )  , t h a t  T M A O  
h a s  a  s t a b i l i s i n g  e f f e c t  o n  p r o t e i n  f u n c t i o n a l i t y  s o  t h a t  
t h e  d e t e r i o r a t i o n  o f  f i s h  t e x t u r e  d u r i n g  f r o z e n  s t o r a g e  
c o u l d  n o t  o n l y  b e  d u e  t o  a  f o r m a t i o n  o f  F A  b u t  a l s o  t o  t h e  
d i s a p p e a r a n c e  o f  T M A O  ( O w u s u - A n s a h  a n d  H u l t i n ,  1 9 8 6 ) .  
M o r e o v e r ,  o t h e r  b i o c h e m i c a l  c h a n g e s  s u c h  a s  l i p i d  o x i d a t i o n  
h a v e  b e e n  i m p l i c a t e d  a s  a  c a u s e  o f  t h e  t o u g h e n i n g  o f  f i s h  
m u s c l e  ( S h e n o u d a  1 9 8 0 )  . D e s i a  ( 1 9 6 3 )  d e m o n s t r a t e d  t h a t  
u n s a t u r a t e d  f a t t y  a c i d s ,  a n d  e s p e c i a l l y  o x i d i s e d  f r e e  f a t t y  
a c i d s ,  c o m b i n e  w i t h  p r o t e i n s  t o  f o r m  h i g h l y  i n s o l u b l e ,  
l i p i d - p r o t e i n  c o m p l e x e s .  R e c e n t l y  t h i s  h a s  b e e n  s h o w n  b y  
C a r e c h e  a n d  T e j e d a  ( 1 9 9 0 )  t o  b e  o f  s e c o n d a r y  i m p o r t a n c e  t o  
t h e  p r o d u c t i o n  o f  F A .
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1 . 4 . 7  F a c t o r s  a f f e c t i n g  t h e  b r e a k d o w n  a n d  c o n t r o l  o f  T M A O  
i n  f r o z e n  f i s h
C o n c e n t r a t i o n  o f  F A  a n d  D M A  i n  f i s h  d e p e n d  o n  s e v e r a l  
f a c t o r s  s u c h  a s  f i s h  s p e c i e s ,  f i s h  o r g a n ,  s u b s t r a t e s ,  
c o f a c t o r s ,  s e a s o n a l  v a r i a t i o n ,  s t a t e  o f  f i s h  p r i o r  t o  
f r e e z i n g ,  s t o r a g e  t e m p e r a t u r e  a n d  l e n g t h  o f  s t o r a g e .
B o t h  s p e c i e s  a n d  s e a s o n  h a v e  a  p r o n o u n c e d  e f f e c t  o n  t h e  
s u b s e q u e n t  r a t e  o f  F A  p r o d u c t i o n  d u r i n g  f r o z e n  s t o r a g e  
( H e r b a r d ,  1 9 8 2 ;  L a l l ,  1 9 7 5 ) .  M e m b e r s  o f  t h e  g a d id a e  f a m i l y  
p r o d u c e  s i g n i f i c a n t l y  m o r e  F A  a n d  D M A  t h a n  o t h e r  s p e c i e s .  
W i t h i n  o n e  f i s h  s p e c i e s  t h e  a c c u m u l a t i o n  o f  D M A  a n d  f o r m a l ­
d e h y d e  w a s  s h o w n  t o  b e  h i g h e r  i n  v i s c e r a ,  i n t e r m e d i a t e  i n  
s k i n  a n d  l e a s t  i n  w h i t e  m u s c l e  ( H e r b a r d ,  1 9 8 2 )  . T h i s  h a s  
b e e n  s h o w n  t o  f l u c t u a t e  w i t h  s e a s o n .  C a s t e l l  ( 1 9 7 1 )  a n d  
L a l l  ( 1 9 7 5 )  s h o w e d  t h a t  t h e  r a t e  o f  D M A  a n d  F A  a c c u m u l a t i o n  
d u r i n g  f r o z e n  s t o r a g e  i n  m i n c e d  s i l v e r  h a k e  (M e r l u c c iu s  
b i l n e a r i s ) c a u g h t  i n  s u m m e r  w a s  d o u b l e  t h a t  o f  s i m i l a r l y  
t r e a t e d  s i l v e r  h a k e  c a u g h t  i n  w i n t e r .
1 . 4 . 8  C o n t r o l l i n g  F A  P r o d u c t i o n  i n  F i s h  a n d  F i s h  P r o d u c t s
G u t t i n g  a n d  f i l l e t i n g  f i s h  r e d u c e s  t h e  r a t e  o f  s u b s e q u e n t  
F A  p r o d u c t i o n  ( T o k u n a g a ,  1 9 8 0 ) .  I n  s o m e  s p e c i e s ,  e . g .  r e d  
h a k e  a n d  A l a s k a  p o l l a c k ,  t h e  r e m o v a l  o f  r e d  m u s c l e  f r o m  t h e  
f i l l e t  i s  r e c o m m e n d e d  ( C a s t e l l ,  1 9 8 1 )  o r  a l t e r n a t i v e l y  
w a s h i n g  t h e  f i l l e t s  t o  r e m o v e  c o f a c t o r s  a n d  T M A O  ( T o k u n a g a ,
1 9 8 0 )  . S t o r a g e  o n  i c e  f o r  u p  t o  f i v e  d a y s  i s  r e c o m m e n d e d  
( R e e c e ,  1 9 8 5 )  a s  a  m e a n s  o f  r e m o v i n g  c o f a c t o r .  T h e  f r e s h ­
36
n e s s  o f  t h e  f i s h  p r i o r  t o  f r e e z i n g  i s  a n  i m p o r t a n t  f a c t o r  
i n  t h e  r a t e  o f  F A  a n d  D M A  f o r m a t i o n  d u r i n g  f r o z e n  s t o r a g e .  
T h e  l o n g e r  c o d  i s  s t o r e d  i n  i c e ,  t h e  l e s s  F A  a n d  D M A  
a c c u m u l a t e s  d u r i n g  f r o z e n  s t o r a g e  ( C o n n e l l  a n d  H o w g a t e ,  
1 9 6 8 )  . T h i s  i s  a t t r i b u t e d  t o  T M A O  b e i n g  u s e d  b y  s p o i l a g e  
m i c r o o r g a n i s m s  ( K o s t u c h  a n d  S i k o r s k i ,  1 9 7 7 ) .  T h e  d e g r e e  o f  
c o m m i n u t i o n  o f  t h e  m u s c l e  t i s s u e  i s  a n o t h e r  i m p o r t a n t  
f a c t o r .  T h e  m o r e  d i s i n t e g r a t e d  t h e  m u s c l e  t h e  h i g h e r  t h e  
r a t e  o f  D M A  a n d  F A  a c c u m u l a t e d  ( T o k u n a g a ,  1 9 6 4 ;  B a b b i t  e t  
a l . ,  1 9 7 2 ;  H i l t z  e t  a l . ,  1 9 7 6 ;  C r a w f o r d  e t  a l . ,  1 9 7 9 ;  
P a r k i n  a n d  H u l t i n ,  1 9 8 2 )  . T h i s  i s  a s s o c i a t e d  w i t h  t h e  
i n c r e a s e d  a s s o c i a t i o n  o f  s u b s t r a t e ,  e n z y m e s  a n d  c o f a c t o r s  
e s p e c i a l l y  a s  t h e  e n z y m e  i s  t h o u g h t  t o  b e  m e m b r a n e  b o u n d .
1 . 4 . 9  P r o b l e m s  I n v o l v e d  i n  t h e  C o n t r o l  o f  F o r m a l d e h y d e  
P r o d u c t i o n
T h e  s i m p l e s t  s o l u t i o n  p r o p o s e d  t o  r e d u c e  t h e  r a t e  o f  F A  
p r o d u c t i o n  d u r i n g  f r o z e n  s t o r a g e  i s  t o  s t o r e  a t  - 3 0 ° C  o r  
l o w e r .  H o w e v e r ,  t h i s  i s  n o t  a l w a y s  t e c h n i c a l l y  o r  e c o n o m i ­
c a l l y  f e a s i b l e  a s  i t  m a y  l e a d  t o  s e v e r e  t i s s u e  d a m a g e .  T h e  
a d d i t i o n  o f  c r y o p r o t e c t a n t s  i s  r e c o m m e n d e d  i n  o r d e r  t o  
m a i n t a i n  t h e  a c t o m y o s i n  i n  a  m o r e  s t a b l e ,  h y d r a t e d  s t a t e  
d u r i n g  f r o z e n  s t o r a g e .  T h e s e  a d d i t i v e s  h a v e  n o t  y e t  b e e n  
s h o w n  t o  c o n c l u s i v e l y  p r e v e n t  F A  p r o d u c t i o n .  A d d i t i v e s  t h a t  
a r e  r e p o r t e d  t o  p r e v e n t  F A  p r o d u c t i o n  i n c l u d e  o x y g e n ,  
h y d r o g e n  p e r o x i d e  a n d  o x i d i s e d  l i p i d s  ( L u n d s t r o m ,  1 9 8 2 ;  
C a r e c h e  a n d  T e j a d a ,  1 9 9 0 ) .  T h e  u s e  o f  o x y g e n  w o u l d  i n d u c e  
r a n c i d i t y  a n d  a f f e c t  f l a v o u r s  i n  t h e  f i s h  l i p i d s .  T h e
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p r e s e n c e  o f  o x y g e n  i n h i b i t s  t h e  a c c u m u l a t i o n  o f  D M A  a n d  F A  
i n  v i t r o  a n d  i n  v i v o  ( L u n d s t r o m  e t  a l . ,  1 9 8 1 ;  R e e c e ,  1 9 8 3 )  . 
H o w e v e r ,  t e c h n o l o g i c a l  p r o c e s s e s  s u c h  a s  p a c k i n g  u n d e r  
v a c u u m  o r  i n  n o n - o x y g e n  a t m o s p h e r e s  d o  n o t  n e c e s s a r i l y  
s p e e d  u p  t h e  p r o c e s s .
T h e  p r e s e n c e  o f  h y d r o g e n  p e r o x i d e  c a u s e s  n u t r i t i o n a l  
d e t e r i o r a t i o n  t o  p r o t e i n s  a n d  i t s  a d d i t i o n  i s  b a n n e d  i n  
m a n y  E E C  c o u n t r i e s .  T h e  a d d i t i o n  o f  s p e c i f i c  l i p i d  o x i d a ­
t i o n  p r o d u c t s  a s  i n h i b i t o r s  o f  F A  p r o d u c t i o n  s h o w s  p r o m i s e  
a l t h o u g h  t h e s e  i s o l a t e d  o x i d a t i o n  p r o d u c t s  m a y  b e  s h o w n  t o  
b e  h a e m o p r o t e i n  t o x i n s  a n d  t h e r e f o r e  u n s u i t a b l e  a s  f o o d  
a d d i t i v e s .  F i n a l l y  h e a t  t r e a t m e n t  o f  t h e  f i s h  u p  t o  8 0 ° C  
h a s  b e e n  r e p o r t e d  ( T o k u n a g a ,  1 9 8 0 )  t o  a l m o s t  c o m p l e t e l y  
i n h i b i t  F A  a n d  D M A  p r o d u c t i o n  d u r i n g  s u b s e q u e n t  f r o z e n  
s t o r a g e ,  b u t  c o o k i n g  t h e  f i s h  i n  t h i s  m a n n e r  l i m i t s  i t s  
c o m m e r c i a l  o u t l e t .
1 . 5  T M A O a s e  i n  f i s h  m u s c l e
T r i m e t h y l a m i n e  N - o x i d e  d e m e t h y l a s e  ( T M A O a s e )  i s  a n  e n z y m e  
p r e s e n t  i n  t h e  m u s c l e s ,  s k i n  a n d  v i s c e r a l  o r g a n s  o f  a b o u t  
t h i r t y  s p e c i e s  o f  f i s h .  I t s  a c t i v i t y  v a r i e s  w i d e l y  a m o n g  
s p e c i e s ,  t y p e s  o f  t i s s u e  a n d  s t o r a g e  t e m p e r a t u r e  ( S i k o r s k i  
a n d  K o s t u c h ,  1 9 8 2 )  . F A  a s  a n  e n d  p r o d u c t  o f  T M A O  b r e a k d o w n  
b y  T M A O a s e  h a s  a  n e g a t i v e  e f f e c t  o n  f r o z e n  f i s h  m u s c l e .
S u r v e y s  o f  t h e  d i s t r i b u t i o n  o f  t h e  e n z y m e  h a v e  s h o w n  t h a t  
T M A O a s e  e x i s t s  a m o n g  r e p r e s e n t a t i v e s  o f  3 0  s p e c i e s  o f  f i s h
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b e l o n g i n g  t o  1 0  f a m i l i e s  a n d  8  s p e c i e s  o f  i n v e r t e b r a t e s .  
T h e  m o s t  n u m e r o u s  g r o u p s  o f  f i s h  i n  w h i c h  T M A O  d e m e t h y l -  
a t i o n  p r o d u c t s  a c c u m u l a t e  p o s t  m ortem  b e l o n g  t o  s p e c i e s  o f  
G a d id a e , M y c t o p h id a e , T h u n n id a e  a n d  S c ro m b r id a e  ( 1 3 ,  4 ,  3  
a n d  3  r e s p e c t i v e l y )  . F r o m  a  c o m m e r c i a l  p o i n t  o f  v i e w  
g a d id a e  a r e  o f  p r i m a r y  i m p o r t a n c e  ( S i k o r s k i  a n d  K o s t u c h ,  
1 9 8 2 )  .
T h e  e n z y m e  h a s  b e e n  f o u n d  i n  t h e  w a t e r  s o l u b l e  f r a c t i o n  o f  
s e v e r a l  t i s s u e s  a n d  d i f f e r s  i n  m o l e c u l a r  w e i g h t  a n d  c o ­
f a c t o r  r e q u i r e m e n t .  A m a n o  a n d  Y a m a d a  ( 1 9 6 5 )  f o u n d  t h e  
e n z y m e  i n  t h e  w a t e r  s o l u b l e  f r a c t i o n  o f  t h e  v i s c e r a ,  
m u s c l e s  a n d  s k i n  o f  s e a  f i s h  a n d  i n v e r t e b r a t e s .  H a r a d a  
( 1 9 7 5 )  i s o l a t e d  t h e  c o m p l e x  f r o m  l i z a r d  f i s h  l i v e r  w h i c h  
c o n s i s t e d  o f  a  s o l u b l e  a n d  i n s o l u b l e  c o m p o n e n t .  G i l l  a n d  
P a u l s o n  ( 1 9 8 2 )  i s o l a t e d  a  T M A O  d e m e t h y l a s e  f r o m  c o d  k i d n e y  
t i s s u e .  T h e  e n z y m e  w a s  f o u n d  t o  b e  b o u n d  t o  t h e  l y s o s o m a l  
f r a c t i o n  a n d  w a s  s e p a r a t e d  i n t o  a t  l e a s t  f o u r  d i s t i n c t  
i s o e n z y m e s  b y  i s o e l e c t r i c  f o c u s i n g .  J o l y  e t  a l . ( 1 9 9 2 )  u s e d  
a n i o n  e x c h a n g e  c h r o m a t o g r a p h y  o n  T M A O a s e  f r o m  c o d  k i d n e y  
a n d  s e p a r a t e d  t h r e e  i n d e p e n d e n t  e n z y m e  f r a c t i o n s . T h e  
a b i l i t y  t o  d e m e t h y l a t e  T M A O  r e s i d e s  e q u a l l y  i n  t h e  s o l u b l e  
a n d  p a r t i c u l a t e  ( i n s o l u b l e )  f r a c t i o n s  o f  r e d  h a k e  
( U r o p h y c is  c h u s s )  m u s c l e  ( S i k o r s k i  a n d  K o s t u c h ,  1 9 8 2 ) .
1 . 5 . 1  P h y s i c a l - c h e m i c a l  c h a r a c t e r i s t i c s  o f  T M A O a s e
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H a r a d a  ( 1 9 7 5 )  i s o l a t e d  a n d  p a r t i a l l y  p u r i f i e d  T M A O a s e  f r o m  
t h e  l i v e r  o f  l i z a r d  f i s h .  H i s  s t u d i e s  s h o w e d  t h a t  t h e  c r u d e  
e n z y m e  w a s  r e l a t i v e l y  h e a t  s t a b l e .  I t s  a c t i v i t y  w a s  m a i n ­
t a i n e d  a t  t e m p e r a t u r e s  o f  u p  t o  6 0 ° C  f o r  5  m i n u t e s .  T h e  
c r u d e  e n z y m e  i s o l a t e d  w a s  a  m i x t u r e  o f  a t  l e a s t  t w o  z y m o -  
p r o t e i n s  t h a t  r e q u i r e d  a  c o f a c t o r  f o r  a c t i v a t i o n .  H a r a d a  
c o n c l u d e d  t h a t  T M A O a s e  w a s  p r o b a b l y  a  c o m p l e x  e n z y m e  
c o m p o s e d  o f  s e v e r a l  s u b u n i t s .  G e l  f i l t r a t i o n  w a s  u s e d  t o  
s e p a r a t e  l o w  m o l e c u l a r  w e i g h t ,  h e a t  s t a b l e  c o f a c t o r s  w h i c h  
w e r e  f u r t h e r  f r a c t i o n a t e d  i n t o  t w o  m a j o r  c o m p o n e n t s ,  o n e  o f  
w h i c h  w a s  c h a r a c t e r i s e d  b y  a  h i g h  a b s o r b a n c e / a b s o r p t i o n  a t  
2 6 5 n m ,  s u g g e s t i n g  t h e  e x i s t e n c e  o f  a  n u c l e i c  a c i d  t y p e  
s t r u c t u r e .
H a r a d a  ( 1 9 7 5 )  s u g g e s t e d  t h e  p a r t i c i p a t i o n  o f  b o t h  c a r b o x y -  
l i c  a c i d  a n d  a m i n o  g r o u p s  i n  t h e  p r o t e i n  m o i e t y  o f  t h e  
e n z y m e  f o r  t h e  r e a r r a n g e m e n t  o f  T M A O  t o  f o r m  t h e  i n t e r m e d i ­
a t e  c o m p o u n d  d i m e t h y l a m i n o m e t h y l o l , w h i c h  t h e n  y i e l d s  D M A  
a n d  f o r m a l d e h y d e .
T h e  p r e s e n c e  o f  a  c o f a c t o r  h a s  b e e n  f o u n d  i n  v a r i o u s  
t i s s u e s  i n  d i f f e r e n t  m a r i n e  a n i m a l s .  F o r  e x a m p l e ,  t h e  
c o f a c t o r  w a s  f o u n d  t o  b e  w e a k l y  b o u n d  t o  t h e  e n z y m e  i s o ­
l a t e d  f r o m  t h e  p y l o r i c  c a e c a  a n d  t h e  m u s c l e  t i s s u e  o f  
A l a s k a  P o l l a c k  ( Y a m a d a  a n d  A m a n o ,  1 9 6 5 )  . T h e  c o f a c t o r  c o u l d  
b e  s e p a r a t e d  f r o m  t h e  p r o t e i n  b y  d i a l y s i s  a n d  w a s  f o u n d  t o  
b e  h e a t  t o l e r a n t  a t  1 0 0 ° C  f o r  3 0  m i n u t e s .  T h e  c o f a c t o r  h a s  
a l s o  b e e n  f o u n d  i n  t h e  l i v e r  o f  t e l e o s t s  a n d  i n  t h e  m i d  g u t
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o f  s o m e  s p e c i e s  b e l o n g i n g  t o  t h e  b i v a l v e  o r  g a s t r o p o d a  
s p e c i e s  ( H a r a d a ,  1 9 7 5 ) .
P a r k i n  a n d  H u l t i n  ( 1 9 8 1 )  i s o l a t e d  a  m i c r o s o m a l  f r a c t i o n  
f r o m  t h e  s k e l e t a l  m u s c l e  o f  r e d  h a k e  w h i c h  w a s  c a p a b l e  o f  
d e m e t h y l a t i n g  T M A O  i n  t h e  p r e s e n c e  o f  F e  a n d  a s c o r b a t e  
a n d / o r  c y s t e i n e .  T h e  a p p a r e n t  K m  o f  t h e  s y s t e m  w a s  5 m M  ( a  
s m a l l  f r a c t i o n  o f  t h e  t o t a l  a m o u n t  o f  T M A O  i n  r e d  h a k e  
m u s c l e ) . P a r k i n  a n d  H u l t i n  ( 1 9 8 4 )  p u r i f i e d  t h e  e n z y m e  f r o m  
t h e  m u s c l e  m i c r o s o m e s  u s i n g  s o d i u m  d o d e c y l  s u l p h a t e .  T h e  
p u r i f i e d  d e m e t h y l a s e  a c t i v i t y  s h o w e d  s u b s t r a t e  i n h i b i t i o n  
w h e r e a s  t h e  r e a c t i o n  c a t a l y s e d  b y  m i c r o s o m e s  d i d  n o t .  
S p e c t r o p h o t o m e t r i c  s t u d i e s  r e v e a l e d  t h e  p r e s e n c e  o f  a  
c y t o c h r o m e  c o m p o n e n t  t h a t  p a r t i c i p a t e d  i n  t h e  r e a c t i o n  
c a t a l y s e d  b y  t h e  m i c r o s o m e s  ( P a r k i n  a n d  H u l t i n ,  1 9 8 7 ) .
P a r k i n  a n d  H u l t i n  ( 1 9 8 6 )  c h a r a c t e r i s e d  s o m e  o f  t h e  b a s i c  
r e q u i r e m e n t s  a n d  k i n e t i c  p a r a m e t e r s  o f  t h e  e n z y m e  s y s t e m .  
T h e  a c t i v e  s y s t e m  w a s  f o u n d  t o  b e  m e m b r a n e  a s s o c i a t e d .  I t  
w a s  s t i m u l a t e d  b y  F M N ,  N A D H ,  a s c o r b a t e ,  c y s t e i n e  o r  t h e  n o n  
p h y s i o l o g i c a l  r e d o x  c o m p o n e n t s  m e t h y l e n e  b l u e  a n d  p h e n a z i n e  
m e t h o s u l p h a t e . I t  i s  i n h i b i t e d  b y  a z i d e  a n d  c y a n i d e  w h i c h  
s u g g e s t s  a n  e l e c t r o n  t r a n s f e r  m e c h a n i s m  i s  i n v o l v e d  w i t h  a  
h a e m  m o i e t y  e s s e n t i a l  t o  i t s  a c t i v i t y .
J o l y  e t  a l .  ( 1 9 9 2 )  e x t r a c t e d  T M A O a s e  f r o m  S a i t h e  k i d n e y  a n d  
s e p a r a t e d  t h r e e  e n z y m e  f r a c t i o n s ,  d i f f e r i n g  i n  i s o e l e c t r i c  
p o i n t s  a s  f o l l o w s :  5 . 0 ,  4 . 5  a n d  4 . 1 .  T h e  t h r e e  f r a c t i o n s
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h a d  s i m i l a r  o p t i m a l  p H  o f  5 . 1 0 ,  a f f i n i t y  c o n s t a n t s  ( 1 2  m M )  
a n d  a c t i v a t i o n  e n e r g i e s  ( 4 k c a l / m o l ) . A n  a b s o r p t i o n  w a s  
o b s e r v e d  a t  2 5 8 n m  s u g g e s t i n g  t h e  t h e  p r e s e n c e  o f  D N A  
f r a g m e n t s .  T M A O a s e  a p p e a r e d  t o  b e  c o m p r i s e d  o f  h i g h  m o l e c u ­
l a r  w e i g h t  p r o t e i n  g r o u p s  ( 2 0 . 0  x  1 0 s a n d  2 . 0  x  1 0 5 ) c l o s e l y  
a s s o c i a t e d  w i t h  m i x e d  m i c e l l e s  o f  p h o s p h o l i p i d s .  G i l l  
( 1 9 9 2 )  d e t e r m i n e d  a  t h e o r e t i c a l  m i n i m u m  m o l e c u l a r  w e i g h t  o f
2 . 6  x  1 0 6  f o r  t h e  T M A O a s e  i s o l a t e d  f r o m  c o d  k i d n e y  u s i n g  t h e  
m e t h o d  o f  K a z t  ( 1 9 6 8 )  w h i c h  c a l c u l a t e s  M w t  f r o m  a m i n o  a c i d  
a n d  f a t t y  a c i d  p r o f i l e s .  T h i s  c o m p a r e d  f a v o u r a b l y  w i t h  a  
v a l u e  o f  2 . 4  x  1 0 6  o b t a i n e d  b y  s e d i m e n t a t i o n  v e l o c i t y  
u l t r a c e n t r i f u g a t i o n ,  a l t h o u g h  l a r g e  e r r o r s  a r e  e x p e c t e d  
f r o m  s u c h  a  l a r g e  c o m p l e x .
1 . 5 . 1 . 1  E f f e c t  o f  p H
T h e  o p t i m u m  p H  f o r  d e m e t h y l a t i o n  v a r i e s  b e t w e e n  4 . 5  a n d  7 . 5  
d e p e n d i n g  o n  t h e  k i n d  o f  t h e  o r g a n i s m  a n d  t i s s u e  ( H u l t i n ,  
1 9 9 2 )  . H a r a d a  ( 1 9 7 5 )  s h o w e d  t h a t  t h e  e n z y m e  w a s  m o s t  a c t i v e  
a t  p H  5 . 0  b u t  m o s t  s t a b l e  a t  p H  6 . 2 .  P a r k i n  a n d  H u l t i n
( 1 9 8 1 )  i s o l a t e d  a  m i c r o s o m a l  f r a c t i o n  f r o m  r e d  h a k e  m u s c l e  
w i t h  a n  o p t i m u m  p H  f o r  a c t i v i t y  o f  6 . 6 . P h i l l i p y  ( 1 9 8 5 )  
r e p o r t e d  t h e  p H  o p t i m u m  o f  t h e  c r u d e  s o l u b l e  e n z y m e  t o  b e
5 . 0 ,  w h i l e  m a x i m u m  d i m e t h y l a m i n e  p r o d u c t i o n  o c c u r r e d  a t  p H  
7 . 0  i n  f r o z e n  m i n c e d  m u s c l e .
G i l l  e t  a l . ( 1 9 9 2 )  p r e p a r e d  T M A O a s e  e n z y m e  f r o m  c o d ,  h a k e ,  
c u s k  a n d  p o l l a c k  w h i c h  e x h i b i t e d  o p t i m u m  p H  a c t i v i t i e s  a t
5 . 0 ,  4 . 5 ,  4 . 5  a n d  5 . 0  r e s p e c t i v e l y .  J o l y  ( 1 9 9 2 )  h a s  s e p a r ­
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a t e d  t h r e e  e n z y m e  f r a c t i o n s  i n  T M A O a s e  e x t r a c t e d  f r o m  c o d  
k i d n e y ,  a l l  w i t h  i d e n t i c a l  p H  o p t i m a  a t  5 . 1 .
1 . 5 . 1 . 2  E f f e c t  o f  t e m p e r a t u r e
T o k u n a g a  ( 1 9 6 4 )  f o u n d  t h a t  h e a t i n g  t h e  m u s c l e  o f  A l l a s k a  
P o l l a c k  f o r  3 0  m i n u t e s  b e f o r e  f r e e z i n g  c a u s e d  a  4 0 %  
d e c r e a s e  i n  f o r m a l d e h y d e  p r o d u c t i o n  a f t e r  f o u r  w e e k s  a t  -  
1 7 ° C  t o  - 1 9 ° C  a n d  d i m i n i s h e d  a l m o s t  t o t a l l y  w h e n  p r e h e a t i n g  
w a s  c a r r i e d  o u t  a t  5 0 ° C .  L a l l  e t  a l .  ( 1 9 7 5 )  f o u n d  t h a t  
p r e h e a t i n g  S i l v e r  h a k e  t o  6 0 ° C  a n d  m i n c i n g  t h e  f l e s h  h a d  
l i t t l e  o r  n o  e f f e c t  o n  t h e  r a t e  o f  D M A  f o r m a t i o n  d u r i n g  
s u b s e q u e n t  s t o r a g e  a t  - 1 0 ° C  f o r  u p  t o  1  m o n t h .  H o w e v e r ,  
h e a t i n g  a t  8 0 ° C  w a s  f o u n d  t o  a r r e s t  D M A  p r o d u c t i o n  t o t a l l y .  
P a r k i n  a n d  H u l t i n  ( 1 9 8 2 )  e x a m i n e d  m i c r o s o m a l  c o n v e r s i o n  a t  
2 0 ° C ,  8 ° C  a n d  - 6 ° C  a n d  f o u n d  t h a t  t h e  b r e a k d o w n  w a s  m o s t
r a p i d  i n  t h e  f r o z e n  s t a t e .
1 . 5 . 1 . 3  E f f e c t  o f  s u b s t r a t e  a n d  r e a c t i o n  p r o d u c t  c o n c e n ­
t r a t i o n
T h e  a c t i v i t y  o f  T M A O a s e  d e p e n d s  o n  t h e  s u b s t r a t e  c o n c e n ­
t r a t i o n  a n d  o n  t h e  f o r m a l d e h y d e  c o n c e n t r a t i o n .  H a r a d a
( 1 9 7 5 )  f o u n d  t h a t  t h e  a c t i v i t y  o f  t h e  c r u d e  e n z y m e  e x t r a c t  
f r o m  f i s h  l i v e r  w a s  d e p e n d e n t  o n  T M A O a s e  c o n c e n t r a t i o n ;  
w h e r e a s  K o s t u c h  a n d  S i k o r o s k i  ( 1 9 7 1 )  f o u n d  n o  i n f l u e n c e  o f  
T M A O  c o n c e n t r a t i o n  i n  m i n c e d  c o d  f l e s h .  T o k u n a g a  ( 1 9 7 0 )  
f o u n d  n o  c o r r e l a t i o n  b e t w e e n  n a t u r a l  T M A O a s e  c o n c e n t r a t i o n  
a n d  D M A  a c c u m u l a t i o n  i n  d i f f e r e n t  s p e c i e s  o f  f i s h .
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1 . 5 . 1 . 4  A c t i v a t o r s  o f  T M A O a s e
A  n u m b e r  o f  c e l l u l a r  m e t a b o l i t e s  i n c r e a s e  t h e  r a t e  o f  T M A O  
b r e a k d o w n .  T h e s e  i n c l u d e  r e d u c e d  g l u t a t h i o n e ,  F e 2 + , 
a s c o r b a t e  f l a v i n s  a n d  h a e m  p r o t e i n s  s u c h  a s  h a e m o g l o b i n  a n d  
m y o g l o b i n .  M e t h y l e n e  b l u e  ( H a r a d a ,  1 9 7 5 )  g r e a t l y  a c c e l e r ­
a t e d  t h e  b r e a k d o w n  a n d  h a s  b e e n  r o u t i n e l y  u s e d  i n  t h e  i n  
v i t r o  a s s a y .  T r e a t m e n t  o f  r e d  h a k e  f i l l e t s  b y  d i p p i n g  t h e m  
i n  s o d i u m  t r i p h o s p h a t e  a n d  s o d i u m  e r y t h o r b a t e  a c c e l e r a t e d  
f o r m a l d e h y d e  p r o d u c t i o n  ( H u l t i n ,  1 9 9 2 )  .
1 . 5 . 1 . 5  I n h i b i t o r s  o f  T M A O a s e
H a r a d a  a n d  Y a m a d a  ( 1 9 7 1 )  f o u n d  t h a t  c y a n i d e  a t  a  c o n c e n ­
t r a t i o n  o f  1 .  O p p m  a n d  r i b o f l a v i n  ( 0 . 1 M ) ,  s o d i u m  a z i d e  
( 0 . 1 M )  a n d  o x a l o c e t a t e  ( 0 . 1 M )  c o m p l e t e l y  i n h i b i t e d  T M A O  
d e m e t h y l  a t  i o n  b y  a  c r u d e  e n z y m e  p r e p a r a t i o n  f r o m  t h e  
v i s c e r a  o f  B a r b a t ia  v i r e s c e n s .  F e 3 + , C a 2 + , E D T A ,  T M A  a n d
c h o l i n e  h a v e  a l s o  b e e n  f o u n d  t o  i n h i b i t  T M A O a s e  a c t i v i t y  
( S h e n o u d a ,  1 9 8 0 ) .  G i l l  e t  a l . ( 1 9 9 2 )  f o u n d  t h a t  c h o l i n e
c h l o r i d e ,  w h i c h  i s  s t r u c t u r a l l y  s i m i l a r  t o  T M A O  i n h i b i t e d  
k i d n e y  T M A O a s e  c o m p e t i t i v e l y  i n  e x t r a c t s  f r o m  c o d ,  h a k e ,  
c u s k  a n d  p o l l a c k .  T h e  i n h i b i t o r  w a s  a l m o s t  c o m p l e t e l y  
d i s p l a c e d  w h e n  t h e  s u b s t r a t e  c o n c e n t r a t i o n  w a s  i n c r e a s e d  t o
0 . 2  M .  I n  a l l  s p e c i e s ,  t h e  a c t i v i t y  w a s  r e d u c e d  b y  m o r e  
t h a n  5 0 %  w i t h  5 m M  c h o l i n e  c h l o r i d e .  T M A O a s e  i n h i b i t i o n  w a s  
n e a r l y  c o m p l e t e  a t  c h o l i n e  c o n c e n t r a t i o n s  g r e a t e r  t h a n  
2 0 m M .  M o i n i  a n d  S t o r e y  ( 1 9 8 0 )  f o u n d  d e c r e a s e d  r a t e s  o f  
f o r m a l d e h y d e  p r o d u c t i o n  i n  s m o k e d  c o d  d u r i n g  f r o z e n  s t o r ­
a g e .  T h e  c o n c e n t r a t i o n  o f  f o r m a l d e h y d e  d e c r e a s e d  w i t h
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i n c r e a s i n g  c o n c e n t r a t i o n  o f  p h e n o l s  a n d  w a s  s i g n i f i c a n t l y  
l o w e r  i n  t h e  s u r f a c e  l a y e r s  o f  f i s h  t h a n  i n  d e e p e r  p a r t s  o f  
t h e  s m o k e d  s a m p l e s . P h o s p h o l i p h a s e  A 2  i n h i b i t e d  t h e  s y s t e m ,  
w h i c h  i m p l i e d  t h a t  t h e  m i c r o s o m a l  f r a c t i o n  i s  a c t i v e  i n  
s i t u . P h o s p h o l i p a s e  A 2  a c t s  o n  t h e  f a t t y  a c i d  i n  p o s i t i o n  
2  i n  m e m b r a n e  p h o s p h o l i p i d s  a n d  t h i s  m a y  d e a c t i v a t e  t h e  
e n z y m e  b y  t h e  p r o d u c t i o n  o f  f r e e  f a t t y  a c i d s  ( H u l t i n ,  
1 9 9 2 )  . O x i d i s i n g  a g e n t s  h a v e  b e e n  f o u n d  t o  i n h i b i t  t h e  
b r e a k d o w n  o f  T M A O  i n  s t o r e d  r e d  h a k e  m u s c l e  w h i l e  r e d u c i n g  
a g e n t s  a c c e l e r a t e d  f o r m a l d e h y d e  p r o d u c t i o n  ( R a d i c o t  e t  a l . ,
1 9 8 4 ) .
1 .  6  S U M M A R Y
T h e  a b o v e  s u r v e y  o f  t h e  l i t e r a t u r e  i n d i c a t e s  t h e  c o n t r i b u ­
t i o n  o f  m a n y  f a c t o r s  s u c h  a s  f r e e z i n g ,  l i p i d  o x i d a t i o n  
p r o d u c t s  a s  w e l l  a s  f o r m a l d e h y d e  i n  p r o t e i n  a g g r e g a t i o n  
d u r i n g  f r o z e n  s t o r a g e .  H o w e v e r  t h e r e  a r e  m a n y  g a p s  i n  o u r  
k n o w l e d g e  c o n c e r n i n g  t h e  e x a c t  m e c h a n i s m  o f  t h e  i n t e r a c t i o n  
o f  f o r m a l d e h y d e  w i t h  f i s h  p r o t e i n s .  T h e  l i t e r a t u r e ,  
s u g g e s t s  t h a t  t h e  b r e a k d o w n  o f  T M A O  t o  D M A  a n d  F A  i n  f r o z e n  
s t o r a g e  o f  f i s h  i s  e n z y m a t i c  a n d  t h a t  F A  i s  p a r t l y  i n v o l v e d  
i n  t h e  p r o t e i n  d e n a t u r a t i o n  r e a c t i o n s  d u r i n g  f r o z e n  s t o r a g e  
o f  f i s h .  M u c h  r e m a i n s  t o  b e  e l u c i d a t e d  r e g a r d i n g  t h e  n a t u r e  
a n d  p r o p e r t i e s  o f  T M A O a s e .  I t  i s  n o t  c l e a r  w h e t h e r  T M A O a s e  
i s  a  m u l t i e n z y m e  o r  w h e t h e r  i t  b e l o n g s  t o  t h e  P - 4 5 0  t y p e s  
o f  e n z y m e s .  I n  a d d i t i o n ,  t h e  i n h i b i t o r s  o f  T M A O a s e  t h a t  
h a v e  b e e n  r e p o r t e d  a r e  t o x i c  a n d  f u r t h e r  w o r k  w a s  n e c e s s a r y  
t o  l o o k  a t  n o n - t o x i c  i n h i b i t o r s .  T h e r e f o r e ,  t h e  o b j e c t i v e s
4 5
o u t l i n e d  o n  P a g e  i i i  w e r e  p u r s u e d .
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C H A P T E R  2
M A T E R I A L S  A N D  M E T H O D S
2 . 1  P r o t e i n  D e t e r m i n a t i o n
2 . 1 . 1  K j  e l d a h l  M e t h o d
2 . 1 . 1 . 1  P r i n c i p l e
T h i s  i s  a  c h e m i c a l  m e t h o d  f o r  d e t e r m i n i n g  t h e  n i t r o g e n  
c o n t e n t  o f  s o l i d s  a s  w e l l  a s  l i q u i d s .  T h e  s a m p l e  i s  
d i g e s t e d  b y  h e a t i n g  w i t h  c o n c e n t r a t e d  s u l p h u r i c  a c i d  i n  t h e  
p r e s e n c e  o f  a  c a t a l y s t . T h e  d i g e s t i o n  c o n v e r t s  t h e  o r g a n i c  
n i t r o g e n  i n  t h e  s a m p l e  t o  a m m o n i a  w h i c h  i s  r e t a i n e d  i n  
s o l u t i o n  a s  a m m o n i u m  s u l p h a t e .  A d d i t i o n  o f  s o d i u m  h y d r o x i d e  
m a k e s  t h e  s o l u t i o n  a l k a l i n e  a n d  a m m o n i a  i s  r e l e a s e d  b y  
s t e a m  d i s t i l l a t i o n ,  t r a p p e d  o r  c o l l e c t e d  i n  b o r i c  a c i d  a n d  
t i t r a t e d  a g a i n s t  a  s t a n d a r d  a c i d .  T h e  a m o u n t  o f  a m m o n i a  
p r o d u c e d  i s  d i r e c t l y  c o r r e l a t e d  w i t h  t h e  N  c o n t e n t  o f  t h e  
s a m p l e .
2 . 1 . 1 . 2  M a t e r i a l s
S u l p h u r i c  a c i d ,  K j e l t a b s  S / 3 . 5  ( S e )  1 5 2 7 - 0 0 0 3  w e r e  o b t a i n e d  
f r o m  B D H  L a b o r a t o r y  S u p p l i e s ,  M e r c k  L i m i t e d ,  L u t t e r w o r t h ,  
L e i c s .  B o r i c  a c i d  w a s  " A n a l a r "  g r a d e  f r o m  H o p k i n s  &  
W i l l i a m s ,  C h a d w e l l  H e a t h ,  E s s e x ,  E n g l a n d .  S c r e e n e d  m e t h y l  
R e d  s o l u t i o n  a n d  P h e n o l p h t h a l e i n  s o l u t i o n  w e r e  s u p p l i e d  b y  
t h e  U n i v e r s i t y  o f  S u r r e y .  S o d i u m  h y d r o x i d e  a n d  h y d r o c h l o r i c  
a c i d  w e r e  o b t a i n e d  f r o m  M a y  a n d  B a k e r  L i m i t e d ,  D a g e n h a m .
1 0 0 7  D i g e s t e r
1 0 0 2  d i s t i l l a t i o n  u n i t
2 . 1 . 1 . 3  M e t h o d
T h e  m e t h o d  e m p l o y e d  f o r  t h e  d e t e r m i n a t i o n  o f  t o t a l  p r o t e i n  
w a s  a c c o r d i n g  t o  t h e  A O A C  m e t h o d s  ( W i l l i a m s ,  1 9 8 4 )  . F i s h  
m u s c l e  s a m p l e s  ( l g )  w e i g h e d  o n  W h a t m a n  N o .  1  f i l t e r  p a p e r  
w e r e  p l a c e d  i n t o  d i g e s t i o n  t u b e s  ( i n  d u p l i c a t e )  . W h a t m a n  
f i l t e r  p a p e r  w a s  d i g e s t e d  i n  t h e  a b s e n c e  o f  f i s h  s a m p l e  a n d  
i t s  r e a d i n g  u s e d  a s  a  b l a n k .  T w o  s e l e n i u m  t a b l e t s  
( c a t a l y s t )  a n d  2 0 m l  c o n c e n t r a t e d  s u l p h u r i c  a c i d  w e r e  a d d e d  
t o  e a c h  t u b e  a n d  g e n t l y  s w i r l e d .  T h e  d i g e s t i o n  t u b e s  w e r e  
e q u i p p e d  w i t h  e x h a u s t  c a p s .  T a p  w a t e r  w a s  u s e d  a s  a  v a c u u m  
s o u r c e .  D i g e s t i o n  t u b e s  w i t h  h e a t  s h i e l d s  a r o u n d  t h e m  w e r e  
p l a c e d  i n  a  p r e h e a t e d  d i g e s t e r  a t  4 2 0 ° C .  D i g e s t i o n  w a s  
p e r f o r m e d  f o r  5  m i n u t e s  a t  m a x i m u m  a i r  f l o w .  A d j u s t m e n t  o f  
e x h a u s t  c a p s  t o  c o n t r o l  v a p o u r s  w a s  c a r r i e d  o u t  a c c o r d i n g  
t o  t h e  m a n u f a c t u r e r ' s  r e c o m m e n d a t i o n s .  T h e  t o t a l  d i g e s t i o n  
t i m e  w a s  2  h o u r s . T u b e s  w i t h  t h e  e x h a u s t  c a p s  a t t a c h e d  w e r e  
r e m o v e d  f r o m  t h e  d i g e s t e r  a n d  a l l o w e d  t o  c o o l  t o  r o o m  
t e m p e r a t u r e  a n d  d i l u t e d  w i t h  7 5 m l  o f  d i s t i l l e d  w a t e r .
S t e a m  d i s t i l l a t i o n
T h e  1 0 0 2  D i s t i l l a t i o n  u n i t  w a s  s e t  u p  a c c o r d i n g  t o  t h e  
m a n u f a c t u r e r ' s  r e c o m m e n d a t i o n s .  A n  a l i q u o t  ( 3 0 m l )  o f  s o d i u m  
h y d r o x i d e  ( 4 0 %  w / v )  w a s  d i s p e n s e d  i n t o  t h e  t u b e  c o n t a i n i n g
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t h e  h y d r o l y s e d  s a m p l e  a n d  t h e  n i t r o g e n o u s  p r o d u c t s  
d i s t i l l e d  o v e r  i n t o  2 5 m l  o f  4 %  ( w / v )  b o r i c  a c i d  s o l u t i o n
f o r  5  m i n u t e s ,  u s i n g  t h r e e  d r o p s  o f  S c r e e n e d  M e t h y l  R e d  a s  
a n  i n d i c a t o r .  T h e  d i s t i l l a t e  w a s  b a c k  t i t r a t e d  w i t h  0 . 1 M  
H C 1 .
C a l c u l a t i o n  o f  t h e  t o t a l  c r u d e  p r o t e i n
C r u d e  p r o t e i n  w a s  c a l c u l a t e d  u s i n g  a  c o n v e r s i o n  f a c t o r  o f  
6 . 2 5  ( E g a n ,  1 9 8 1 ;  D e l a n e y ,  1 9 7 5 )  a c c o r d i n g  t o  t h e  e q u a t i o n :
1 4 . 0 1  x  ( T i t r a n t  s a m p l e  ( m l )  -  B l a n k  ( m l ) x O . l M
% N = ----------------------------------------------------------------------------------------------------------------------------------------
S a m p l e  ( g )  x  1 0
% P r o t e i n  =  N  x  6 . 2 5
2 . 2  C o l o u r i m e t r i c  m e t h o d s
2 . 2 . 1  T h e  L o w r y  P r o c e d u r e
2 . 2 . 1 . 1  P r i n c i p l e
T h i s  t e c h n i q u e  w a s  o r i g i n a l l y  d e v e l o p e d  b y  L o w r y  ( 1 9 5 1 )  t o  
q u a n t i t a t i v e l y  d e t e r m i n e  t o t a l  p r o t e i n  i n  s o l u t i o n s . T h e  
m e t h o d  i n v o l v e s  c o m p l e x i n g  t h e  p r o t e i n  w i t h  C u 2+ i n  a n  
a l k a l i n e  s o l u t i o n .  T h e  c o m p l e x  i s  b e t w e e n  C u 2+ a n d  f o u r  
n i t r o g e n  a t o m s ,  t w o  f r o m  e a c h  o f  t w o  a d j a c e n t  p e p t i d e  
c h a i n s .  I n  a d d i t i o n ,  t h e  c o p p e r  c a t a l y s e s  t h e  r e d u c t i o n ,  b y  
t y r o s i n e  a n d  t r y p t o p h a n  r e s i d u e s ,  o f  t h e  p h o s p h o m o l y b d a t e  -  
p h o p s p h o t u n g s t a t e  a n i o n s  i n  t h e  F o l i n ' s  p h e n o l  r e a g e n t .  
T h i s  l a t t e r  r e a c t i o n  l e a d s  t o  t h e  f o r m a t i o n  o f  a  b l u e  
c o l o u r  w h i c h  i s  m e a s u r e d  a t  7 5 0 n m .  S t u d i e s  h a v e  s h o w n  t h a t
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t h e  p r i n c i p a l  c h r o m o g e n i c  a m i n o  a c i d s  t o  w h i c h  t h e  m e t h o d  
o f  L o w r y  ( 1 9 5 1 )  i s  s e n s i t i v e  a r e  t y r o s i n e  a n d  t r y p t o p h a n  
a n d  t o  a  l e s s e r  e x t e n t ,  c y s t e i n e ,  c y s t i n e  a n d  h i s t i d i n e  
( C h o u  a n d  G o l s t e i n ,  1 9 6 0 ) .
2 . 2 . 1 . 2  M a t e r i a l s
B S A  F r a c t i o n  V  p o w d e r  ( 9 6 - 9 9 % )  a n d  F o l i n - C i o c a l t e u  P h e n o l  
r e a g e n t  w e r e  o b t a i n e d  f r o m  S i g m a  C h e m i c a l  C o .  L t d . ,  P o o l e ,  
D o r s e t ,  U K .  D i s o d i u m  c a r b o n a t e  w a s  " A n a l a r "  f r o m  B D H  
L a b o r a t o r y  S u p p l i e s ,  M e r c k  L t d ,  L u t t e r w o r t h ,  L e i c s .  S o d i u m  
h y d r o x i d e  w a s  o b t a i n e d  f r o m  M a y  a n d  B a k e r  L t d ,  D a g e n h a m .
E q u i p m e n t
K o n t r o n  I n s t r u m e n t s  U v i k o n  S p e c t r o p h o t o m e t e r  8 6 0 .
2 . 2 . 1 . 3  S t o c k  r e a g e n t s  
S o l u t i o n  A
C o p p e r  s u l p h a t e  ( C u S 0 4 . 5 H 2 0 )  0 . 5 %  ( w / v )  a n d  s o d i u m  p o t a s s i u m  
t a r t r a t e  ( 1 %  w / v )  w e r e  d i s s o l v e d  i n  d i s t i l l e d  w a t e r .  T h e s e  
r e a g e n t s  w e r e  s t a b l e  a t  r o o m  t e m p e r a t u r e  f o r  m o r e  t h a n  2  
m o n t h s .
S o l u t i o n  B
D i s o d i u m  c a r b o n a t e  ( N a 2 C 0 3 )  ( 2 %  w / v )  a n d  s o d i u m  h y d r o x i d e
( 0 . 4 %  w / v )  w e r e  d i s s o l v e d  i n  d i s t i l l e d  w a t e r  ( 1  l i t r e ) .  
T h i s  s o l u t i o n  m a y  b e  s t o r e d  f o r  2  m o n t h s  a t  r o o m  
t e m p e r a t u r e .
5 0
S o l u t i o n  C
T h i s  c o p p e r - a l k a l i n e  s o l u t i o n  w a s  p r e p a r e d  f r e s h  j u s t  
b e f o r e  u s e  a n d  c o n s i s t e d  o f  1 m l  s o l u t i o n  A  a n d  5 0 m l  
s o l u t i o n  B .
S o l u t i o n  D
F o l i n - C i o c a l t e u  p h e n o l  r e a g e n t  w a s  m i x e d  i n  t h e  r a t i o  o f  
1 : 1  w i t h  d i s t i l l e d  w a t e r .  A  t o t a l  v o l u m e  o f  2 0 m l  w a s  
s u f f i c i e n t  f o r  o n e  a s s a y .
2 . 2 . 1 . 4  M e t h o d  
C a l i b r a t i o n  c u r v e
A  1 2 0 / x g / m l  B S A  s t o c k  s o l u t i o n  w a s  p r e p a r e d  i n  d i s t i l l e d  
w a t e r .  D i l u t i o n s  o f  B S A  ( 2 0 ,  4 0 ,  6 0 ,  8 0  a n d  1 0 0  / x g / m l )  w e r e  
m a d e  f r o m  a  1 2 0 / x g / m l  s t o c k  s o l u t i o n .  A  t o t a l  v o l u m e  o f  1 0 m l  
w a s  e n o u g h  f o r  o n e  a s s a y .
A s s a y  P r o c e d u r e
T h e  p r i n c i p l e  o f  L o w r y  ( 1 9 5 1 ) ,  a s  m o d i f i e d  b y  S c o p e s
( 1 9 8 2 ) ,  w a s  e m p l o y e d .  S o l u t i o n  C  ( 2 . 5 m l )  w a s  a d d e d  t o  0 . 5 m l  
o f  p r o t e i n  s a m p l e ,  m i x e d  a n d  i n c u b a t e d  a t  R T  f o r  1 5  
m i n u t e s .  S o l u t i o n  D  ( 0 . 2 5 m l )  s o l u t i o n  w a s  t h e n  a d d e d  a n d  
t h e  s o l u t i o n  v o r t e x  m i x e d .
A f t e r  3 0  m i n u t e s  t h e  s o l u t i o n s  w e r e  r e a d  
s p e c t r o p h o t o m e t r i c a l l y  a t  7 5 0 n m .
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2 . 2 . 2 . 1  P r i n c i p l e
U n d e r  a p p r o p r i a t e  c o n d i t i o n s  t h e  a c i d i c  a n d  b a s i c  g r o u p s  o f  
p r o t e i n s  i n t e r a c t  w i t h  t h e  d i s s o c i a t e d  g r o u p s  o f  o r g a n i c  
d y e s  t o  f o r m  c o l o u r e d  p r e c i p i t a t e s .  T h i s  p h e n o m e n o n  c a n  b e  
r e a d i l y  e x p l o i t e d  f o r  q u a n t i t a t i v e  a n a l y s i s  o f  p r o t e i n s  a n d  
t h i s  a p p r o a c h  b e c a m e  p o p u l a r  w i t h  t h e  d e v e l o p m e n t  o f  a  
m e t h o d  u s i n g  C o o m a s s i e  B r i l l i a n t  B l u e  G - 2 5 0  b y  B r a d f o r d
( 1 9 7 6 )  . T h e  b i n d i n g  o f  t h e  d y e  t o  p r o t e i n  c a u s e s  a  s h i f t  i n  
t h e  a b s o r p t i o n  m a x i m u m  o f  t h e  d y e  f r o m  4 6 5 n m  t o  5 9 5 n m .
2 . 2 . 2 . 2  M a t e r i a l s
C o o m a s s i e  B r i l l i a n t  B l u e  G 2 5 0  a n d  a l b u m i n  b o v i n e  f r a c t i o n  
V  p o w d e r  w e r e  o b t a i n e d  f r o m  S i g m a  C h e m i c a l  C o m p a n y  L t d ,  
P o o l e ,  D o r s e t .  E t h a n o l  9 5 % w a s  o b t a i n e d  f r o m  H a y m a n  L t d .  
C o o m a s s i e  B r i l l i a n t  B l u e  ( C B B )  G - 2 5 0  a n d  o r t h o p h o s p h o r i c  
a c i d  ( 8 5 % )  w e r e  o b t a i n e d  f r o m  B D H  L a b o r a t o r y  S u p p l i e s ,  
M e r c k  L t d ,  L u t t e r w o r t h ,  L e i c s .
E q u i p m e n t
K o n t r o n  I n s t r u m e n t s  U v i k o n  S p e c t r o p h o m e t e r  8 6 0 .
2  . 2  . 2  . 3  S t o c k  r e a g e n t s  
P r e p a r a t i o n  o f  C o o m a s s i e  B l u e  G - 2 5 0  w o r k i n g  s o l u t i o n
C o o m a s s i e  B r i l l i a n t  B l u e  G - 2 5 0  ( l O O m g )  w a s  d i s s o l v e d  i n  5 0  m l  
9 5 %  e t h a n o l  f o l l o w e d  b y  t h e  a d d i t i o n  o f  1 0 0  m l  ( 8 5 % )  
o r t h o p h o s p h o r i c  a c i d  a n d  m a d e  u p  t o  1 0 0 0  m l  w i t h  d i s t i l l e d  
w a t e r .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  o n e  h o u r  t o  e n s u r e
2.2.2 The Bradford Procedure
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c o m p l e t e  m i x i n g  a n d  f i l t e r e d  t h r o u g h  a  W h a t m a n  f i l t e r  p a p e r  
N o . 1 .  T h e  r e a g e n t  w a s  s t o r e d  a t  r o o m  t e m p e r a t u r e  a n d  u s e d  
w i t h i n  2  m o n t h s .
2  . 2  . 2 . 4  M e t h o d  
C a l i b r a t i o n  c u r v e
A  c a l i b r a t i o n  c u r v e  w a s  p r e p a r e d  a s  f o l l o w s :  s t o c k  B S A
s o l u t i o n  ( 1 0 0 0 f i g / m l )  w a s  p r e p a r e d  i n  d i s t i l l e d  w a t e r  o r  
p r o t e i n  e x t r a c t i n g  b u f f e r .  B S A  s o l u t i o n s  o f  2 5 ,  5 0 ,  1 0 0 ,
1 5 0 ,  2 0 0 ,  2 5 0 ,  3 0 0 ,  3 5 0 ,  4 0 0 ,  4 5 0  a n d  5 0 0 k g / T n l  w e r e  m a d e  
f r o m  t h e  s t o c k  B S A  s o l u t i o n .  D u p l i c a t e  a l i q u o t s  ( 1 0 0  /jlI )  , 
f r o m  e a c h  o f  t h e s e  s o l u t i o n s  w e r e  a d d e d  t o  5 . 0 m l  C o o m a s s i e  
B l u e  G - 2 5 0  w o r k i n g  s o l u t i o n  a n d  v o r t e x  m i x e d  t h o r o u g h l y .  
A f t e r  1 0  m i n u t e s  i n c u b a t i o n ,  t h e  a b s o r b a n c e  w a s  r e a d  
s p e c t r o p h o t o m e t r i c a l l y  a t  5 9 5 n m .  T h e  a b s o r b a n c e  r e a d i n g s  
w e r e  t h e n  u s e d  t o  p l o t  a  s t a n d a r d  c u r v e .
A s s a y
D e t e r m i n a t i o n  o f  p r o t e i n  c o n c e n t r a t i o n  w a s  c a r r i e d  o u t  
a c c o r d i n g  t o  L o t t  ( 1 9 8 3 ) ,  l O O j i t l  o f  a  0 . 1 %  ( w / v )  p r o t e i n
s o l u t i o n s  ( i n  d u p l i c a t e )  w a s  m i x e d  w i t h  5 m l  C o o m a s s i e  B l u e  
r e a g e n t  a n d  i n c u b a t e d  a t  r o o m  t e m p e r a t u r e  f o r  1 0  m i n u t e s .  
T h e  a b s o r b a n c e ,  a s  w i t h  s t a n d a r d ,  w a s  r e a d  
s p e c t r o p h o t o m e t r i c a l l y  a t  5 9 5 n m .  T h e  b l a n k  c o n s i s t e d  o f  
l O O j u l  w a t e r / b u f f e r  r e s p e c t i v e l y  a n d  5 m l  r e a g e n t .
5 3
2 . 2 . 3  U V  a b s o r b a n c e  ( 2 8 0 n m )  m e t h o d
2 . 2 . 3 . 1  P r i n c i p l e
E s t i m a t i o n  o f  p r o t e i n  c o n c e n t r a t i o n  w a s  p e r f o r m e d  i n  
a q u e o u s  s o l u t i o n s  u s i n g  m e a s u r e m e n t s  o f  a b s o r b a n c e  a t  
2 8 0 n m .  A t  2  8 0 n m ,  t h e  s t r o n g  a b s o r b a n c e  o f  p r o t e i n s  i s  
a t t r i b u t e d  t o  t h e  p h e n o l i c  g r o u p  o f  t y r o s i n e  a n d  t h e  
i n d o l i c  g r o u p  o f  t r y p t o p h a n .
E q u i p m e n t
K o n t r o n  I n s t r u m e n t s  U v i k o n  S p e c t r o p h o t o m e t e r  8 6 0 .
2  . 2  . 3  . 2  M e t h o d
M e a s u r e m e n t s  w e r e  p e r f o r m e d  a c c o r d i n g  t o  t h e  p r i n c i p l e s  o f  
W e t l a u f e r  ( 1 9 6 2 ) .  T h e  e q u i p m e n t  w a s  e i t h e r  ' b l a n k e d '  
a g a i n s t  d i s t i l l e d  w a t e r  o r  w i t h  t h e  b u f f e r  w h i c h  c o n t a i n e d  
t h e  p r o t e i n  o f  i n t e r e s t .
2 . 3  S o d i u m  d o d e c y l  s u l p h a t e  p o l y a c r y l a m i d e  g e l  
e l e c t r o p h o r e s i s  ( S D S - P A G E )
2 . 3 . 1  P r i n c i p l e
T h e  t e r m  e l e c t r o p h o r e s i s  i s  u s e d  t o  d e s c r i b e  t h e  m i g r a t i o n  
o f  a  c h a r g e d  p a r t i c l e  i n  a n  e l e c t r i c  f i e l d .  P o l y a c r y l a m i d e  
g e l  e l e c t r o p h o r e s i s  ( S D S - P A G E )  i s  t h e  c o m m o n e s t  d u e  t o  i t s  
s e n s i t i v i t y ,  r e p r o d u c i b i l i t y  a n d  s i m p l i c i t y .  E x t e n s i v e  
r e v i e w s  o n  e l e c t r o p h o r e s i s  t e c h n i q u e s  a r e  d i s c u s s e d  i n  
H a i n e s  ( 1 9 9 0 )  . P o l y a c r y l a m i d e  g e l s  a r e  f o r m e d  b y  t h e  
c o p o l y m e r i s a t i o n  o f  a c r y l a m i d e  m o n o m e r s  w i t h  N , N ,  
b i s a c r y l a m i d e  a s  a  c h a i n  c r o s s l i n k i n g  a g e n t  t o  f o r m  a  t h r e e
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d i m e n s i o n a l  l a t t i c e .  G e l  p o l y m e r i s a t i o n  p r o c e e d s  v i a  a  
f r e e - r a d i c a l  m e c h a n i s m  u s u a l l y  i n i t i a t e d  b y  t h e  a d d i t i o n  o f  
a  c a t a l y s t .  T h e  c o m m o n e s t  s y s t e m  i s  a m m o n i u m  p e r s u l p h a t e  
w h i c h  p r o d u c e s  f r e e - o x y g e n  r a d i c a l s  b y  a  b a s e - c a t a l y s e d  
m e c h a n i s m .  T h e  b a s e s  o f t e n  u s e d  t o  c a t a l y s e  t h i s  r e a c t i o n  
a r e  t h e  t e r t i a r y  a l i p h a t i c  a m i n e s  s u c h  a s  N , N , N ' , N ' -  
t e t r a m e t h y l e n e d i a m i n e  ( T E M E D ) .
P r o t e i n s  a r e  c h a r g e d  a t  a n y  p H  o t h e r  t h a n  t h e i r  i s o e l e c t r i c  
p o i n t  ( p i )  . T h e  a p p l i c a t i o n  o f  a n  e l e c t r i c  f i e l d  t o  a  
p r o t e i n  m i x t u r e  i n  s o l u t i o n  r e s u l t s  i n  d i f f e r e n t  p r o t e i n s  
m i g r a t i n g  a t  d i f f e r e n t  r a t e s  i n  a  m a n n e r  d e p e n d e n t  o n  b o t h  
m o l e c u l a r  s i z e  a n d  c h a r g e  d e n s i t y .
T h e r e  i s  n o  s i n g l e  g e l  c o n c e n t r a t i o n  w h i c h  w i l l  g i v e  
m a x i m u m  s e p a r a t i o n  o f  t h e  c o m p o n e n t s  o f  a  c o m p l e x  p r o t e i n  
m i x t u r e .  T h e  d e g r e e  o f  m o l e c u l a r  s i e v i n g  c a n  b e  a l t e r e d  b y  
t h e  u s e  o f  a  l i n e a r  g r a d i e n t  g e l .  I n  a  g r a d i e n t  g e l ,  t h e  
c o n c e n t r a t i o n  o f  t h e  p o l y a c r y l a m i d e  i n c r e a s e s  ( a n d  h e n c e  
p o r e  s i z e  d e c r e a s e s )  a s  t h e  p r o t e i n  m i g r a t e s  f u r t h e r  f r o m  
t h e  o r i g i n .  T h i s  r e s u l t s  i n  t h e  s e p a r a t i o n  o f  a  w i d e  r a n g e  
o f  p r o t e i n s  w i t h  a  w i d e r  r a n g e  o f  m o l e c u l a r  m a s s e s .  T h e  
m i g r a t i o n  p r o c e e d s  u n t i l  e a c h  p r o t e i n  r e a c h e s  i t s  p o r e  
l i m i t  a f t e r  w h i c h  f u r t h e r  m i g r a t i o n  o c c u r s  a t  a  s l o w  r a t e  
w h i c h  i s  p r o p o r t i o n a l  t o  t h e  c u r r e n t  t h a t  i s  a p p l i e d .
T h e  m a j o r i t y  o f  p r o t e i n s  b i n d  S D S  i n  a  c o n s t a n t  r a t i o  o f  
1 . 4 g  S D S  p e r  g r a m  o f  p o l y p e p t i d e  ( R e y n o l d s ,  1 9 7 0 )  . I f
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e x c e s s  S D S  i s  a d d e d  t o  t h e  p r o t e i n  s a m p l e ,  t h e  i n t r i n s i c  
c h a r g e s  o f  t h e  p o l y p e p t i d e  b e c o m e  a p p r o x i m a t e l y  c o n s t a n t .  
S u b s e q u e n t  s e p a r a t i o n  i n  t h e  p o l y a c r y l a m i d e  g e l  w i l l  b e  
s t r i c t l y  a c c o r d i n g  t o  m o l e c u l a r  s i z e .  F o r  o p t i m a l  r e a c t i o n  
w i t h  S D S ,  s a m p l e s  a r e  b o i l e d  f o r  5  m i n u t e s  i n  t h e  p r e s e n c e  
o f  a  t h i o l  r e a g e n t  s u c h  a s  £ - m e r c a p t o e t h a n o l  o r  
d i t h i o t h r e i t o l  ( D T T )  t o  c l e a v e  i n t e r -  a n d  i n t r a - c h a i n  
d i s u l p h i d e  b o n d s .  S i m i l a r l y ,  u r e a  i s  a d d e d  t o  d i s r u p t  
h y d r o g e n  b o n d s  w i t h  t h e  n e t  r e s u l t  t h a t  t h e  p r o t e i n  
d i s s o c i a t e s  i n t o  m o n o m e r  u n i t s .
2 . 3 . 2  M a t e r i a l s
S D S - P A G E  a n a l y s i s  w a s  c o n d u c t e d  b o t h  a t  t h e  U n i v e r s i t y  o f  
S u r r e y ,  S c h o o l  o f  B i o l o g i c a l  S c i e n c e s  ( U n i t e d  K i n g d o m ) , a n d  
a t  t h e  C e n t r a l  V e t e r i n a r y  L a b o r a t o r y  ( W i n d h o e k ,  N a m i b i a ) . 
T h e  s o u r c e s  o f  t h e  c h e m i c a l s  a r e  p r o v i d e d  a c c o r d i n g l y .
I n  t h e  U n i t e d  K i n g d o m
A c r y l a m i d e ,  d i t h i o t h r e i t o l ,  s o d i u m  d o d e c y l  s u l p h a t e  ( S D S ) , 
a m m o n i u m  p e r s u l p h a t e  ( A P S ) ,  S - m e r c a p t o e t h a n o l , N , N , N ' , N ' -  
t e t r a m e t h y l e t h y l e n e d i a m i n e ,  T E M E D ,  t r i s  ( p H  7 - 9 ) ,  
T r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  ( T r i s ) ,  m o l e c u l a r  w e i g h t  
m a r k e r  p r o t e i n s ,  d i t h i o t h r e i t o l ,  C o o m a s s i e  B r i l l i a n t  B l u e  
R - 2 5 0 ,  N , N , N ' , N ' - m e t h y l e n e - b i s a c r y l a m i d e  w e r e  a l l  f r o m  
S i g m a  C h e m i c a l  C o .  L t d ,  P o o l e ,  D o r s e t .  B r o m o p h e n o l  b l u e ,  
u r e a ,  t r i c h l o r o a c e t i c  a c i d ,  s u c r o s e ,  m e t h a n o l  a n d  g l y c i n e  
w e r e  a l l  " A n a l a r "  o b t a i n e d  f r o m  B D H  L a b o r a t o r y  S u p p l i e s ,  
M e r c k  L t d . ,  L u t t e r w o r t h ,  L e i c s .  P r o t o g e l  w a s  o b t a i n e d  f r o m
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T h e  s a m e  r e a g e n t s  a b o v e  w e r e  o b t a i n e d  f r o m  S i g m a  C h e m i c a l  
C o . ,  M e r c k  L a b o r a t o r y  S u p p l i e s ,  J o h a n n e s b u r g ,  S o u t h  A f r i c a .
E q u i p m e n t
-  L K B  2 0 0 1  v e r t i c a l  e l e c t r o p h o r e s i s  u n i t .
-  L K B  2 1 9 7  P o w e r  s u p p l y
-  L IC B  2 2 1 9  M u l t i t e m p  1 1  t h e r m o s t a t i c  
c i r c u l a t o r .
2 . 3 . 3  P r e p a r a t i o n  o f  R e a g e n t s .
A c r v l a m i d e - B i s a c r y l a m i d e  ( 3 0 ; 0 . 8 %  w / v )  s t o c k  s o l u t i o n  3 0 %
A c r y l a m i d e  ( 3 0 g )  a n d  b i s a c r y l a m i d e  ( 0 . 8 g )  w e r e  a d d e d  t o  a  
f i n a l  v o l u m e  o f  1 0 0 m l  d i s t i l l e d  w a t e r .  T h e  s o l u t i o n  w a s  
f i l t e r e d  t h r o u g h  W h a t m a n  f i l t e r  p a p e r  N o .  1  a n d  s t o r e d  i n  
a  d a r k  b o t t l e  a t  4 ° C .  A c r y l a m i d e / b i s a c r y l a m i d e  s o l u t i o n  
p r e p a r e d  t h i s  w a y  l a s t e d  o n e  t o  t w o  m o n t h s  w i t h o u t  
h y d r o l y s i s  o f  a c r y l a m i d e  m o n o m e r  t o  a c r y l i c  a c i d  a n d  
a m m o n i a  f o r m a t i o n .
A  p r e - p r e p a r e d  A c r y l a m i d e - B i s a c r y l a m i d e  ( 3 0 : 0 . 8 %  w / v )  w a s  
s o m e t i m e s  u s e d  a s  o b t a i n e d  f r o m  P r o t o g e l .  I t  w a s  e m p l o y e d  
a s  i n d i c a t e d  b e l o w .
S t a c k i n g  G e l  B u f f e r  S t o c k  S o l u t i o n ,  0 . 5 M  T r i s - H C l  ( p H  6 . 8 )
T r i s  ( h y d r o x y m e t h y l ) - a m i n o  m e t h a n e  ( 6 g )  , w a s  d i s s o l v e d  i n
4 0 m l  d i s t i l l e d  w a t e r  a n d  t i t r a t e d  t o  p H  6 . 8  w i t h  1 M  H C 1 .
T h e  v o l u m e  w a s  t h e n  m a d e  t o  1 0 0 m l  w i t h  d i s t i l l e d  w a t e r .
In Namibia
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T r i s  ( h y d r o x y m e t h y l )  - a m i n o - m e t h a n e  ( 3 6 . 3 g )  ( 3 M )  w a s
d i s s o l v e d  i n  4 0 m l  d i s t i l l e d  w a t e r ,  a n d  m a d e  u p  t o  1 0 0  m l  
w i t h  d i s t i l l e d  w a t e r  a n d  t i t r a t e d  t o  p H  8 . 8  w i t h  
c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .
R e s e r v o i r  b u f f e r  s t o c k  s o l u t i o n ,  0 . 0 2 5 M  T r i s - H C l  ( p H  8 . 3 )
T r i s - ( h y d r o x y m e t h y l ) - a m i n o - m e t h a n e  ( 3 g ) , g l y c i n e  ( 1 4 . 4 g ) , 
s o d i u m  d o d e c y l  s u l p h a t e  ( 0 . 1 % w / v )  w a s  m a d e  u p  t o  o n e  l i t r e  
( p H  8 . 3 ) .
S t o c k  S t a c k i n g  A c r y l a m i d e  ( 2 5 %  w / v )
A c r y l a m i d e  ( 2 5 g )  a n d  b i s a c r y l a m i d e  ( 3 . 5 g )  w e r e  d i s s o l v e d  i n  
1 0 0 m l  d i s t i l l e d  w a t e r .
A m m o n i u m  P e r s u l p h a t e  ( A P S )  S t o c k  S o l u t i o n  ( 0 . 8 %  w / v )
A m m o n i u m  p e r s u l p h a t e  ( 0 . 1 6 g )  w a s  d i s s o l v e d  i n  d i s t i l l e d  
w a t e r  ( 2  0 m l )  . T h i s  s o l u t i o n  i s  u n s t a b l e  a n d  w a s  p r e p a r e d  
f r e s h  j u s t  b e f o r e  u s e .
D e n a t u r i n g  S o l u t i o n  ( U r e a / S D S / D T T )
-  8 M u r e a  3 8 . 4 0 g
-  0 . 2 %  ( w / v )  S D S  0 . 1 6 g
-  2 m M  D T T  2 4 . 7 0 m g
w e r e  p r e p a r e d  i n  d i s t i l l e d  w a t e r  ( 8 0 m l ) .
S a m p l e  B u f f e r
-  1 0 % ( v / v )  g l y c e r o l  1 0 m l
Resolving Gel Stock Solution, 3M Tris-HCl (pH 8.8)
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-  2 %  ( w / v )  S D S  2 g
-  5 %  ( v / v )  m e r c a p t o e t h a n o l  5 m l
-  0 . 0 6 3 M  T r i s - H C l  ( p H  6 . 8 ) 0 . 7 6 2 3 g
-  B r o m o p h e n o l  B l u e  0 . 0 0 1 %  ( w / v )  m a d e  u p  t o  1 0 0 m l  w i t h
w a t e r .
S t a i n i n g  S o l u t i o n
T r i c h l o r o - a c e t i c  a c i d  1 0 %  ( w / v ) , m e t h a n o l  4 0 %  ( v / v ) , 
C o o m a s s i e  B l u e  R - 2 5 0  ( 0 . 1 %  w / v )  w e r e  d i s s o l v e d  i n  
d i s t i l l e d  w a t e r ,  m a d e  u p  t o  2  l i t r e s  a n d  f i l t e r e d  t h r o u g h  
W h a t m a n  N o .  1  f i l t e r  p a p e r .
D e s t a i n i n q  S o l u t i o n
A  s o l u t i o n  o f  t r i c h l o r o - a c e t i c  a c i d  ( T C A )  1 0 %  ( w / v ) . A  
v o l u m e  o f  3 5 0 m l  T C A  w a s  s u f f i c i e n t  f o r  o n e  g e l .
2 . 3 . 4  M e t h o d
T w o  t y p e s  o f  g e l  s y s t e m s  w e r e  u s e d :  e i t h e r  a  c o n t i n u o u s  
g e l  ( 7 . 5 %  p o l y a c r y l a m i d e )  o r  a  g r a d i e n t  g e l  ( 5 - 2 0 %  
p o l y a c r y l a m i d e )  a c c o r d i n g  t o  L a e m m l i  ( 1 9 7 0 )  w i t h  
m o d i f i c a t i o n s  b y  H a m e s  ( 1 9 9 0 ) .  E l e c t r o p h o r e s i s  p l a t e s  
w e r e  w a s h e d  a n d  a s s e m b l e d  a c c o r d i n g  t o  t h e  m a n u f a c t u r e r ' s  
i n s t r u c t i o n s .
2 . 3 . 4 . 1  P r e p a r a t i o n  o f  c o n t i n u o u s  S D S - P A G E  g e l  
S t a c k i n g  G e l  ( 3 %  w / v  a c r y l a m i d e )
-  T r i s - b u f f e r  0 . 5 M  ( p H  6 . 8 ) 2 . 0 m l
-  S t o c k  s t a c k i n g  2 5 %  ( w / v )  p o l y a c r y l a m i d e  1 . 1 m l
59
1-  D e n a t u r i n g  r e a g e n t  ( U r e a / D T T / S D S )
-  A m m o n i u m  p e r s u l p h a t e  ( 0 . 8 %  w / v )
4 .  0 m l
1 .  0 m l
T E M E D 1 0  . O jLtl
R e s o l v i n g  G e l  ( 7 . 5 %  a c r v l a m i d e )
A c r y l a m i d e - b i s a c r y l a m i d e  ( 3 0 : 0 . 8 %  w / v )  
T r i s  3 M  ( p H  8 . 8 )
D e n a t u r a t i o n  s o l u t i o n  ( U r e a / D T T / S D S ) 2 0 . 0 0 m l
5  . 0  0 m l
9 . 9 0 m l
A P S  ( 0 . 8 %  w / v ) 3  . 4 0 m l
D i s t i l l e d  w a t e r 1 . 3  8 m l
T E M E D 2 0  . 0 0 / x l
T h e  s o l u t i o n  p r e p a r e d  a s  a b o v e  w a s  p o u r e d  b e t w e e n  t h e  
p l a t e s  a n d  w a s  o v e r l a i d  w i t h  5  t o  6  d r o p s  o f  w a t e r  
s a t u r a t e d  b u t a n o l  t o  e l i m i n a t e  a i r  b u b b l e s .  T h e  a s s e m b l y  
w a s  l e f t  u n d i s t u r b e d  f o r  t h e  g e l  t o  p o l y m e r i s e  ( 3 0  t o  3 5  
m i n u t e s )  a s  e v i d e n c e d  b y  t h e  a p p e a r a n c e  o f  a  s h a r p  
b o u n d a r y  b e t w e e n  a r e a s  o f  t h e  g e l  a n d  t h e  o v e r l a y i n g  
s o l u t i o n .  A f t e r  p o l y m e r i s a t i o n  o f  t h e  g e l ,  t h e  o v e r l a y  
w a s  r e m o v e d  b y  t i l t i n g  a n d  t h e  g e l  s u r f a c e  r i n s e d  w i t h  
d i s t i l l e d  w a t e r .  T h e  s a n d w i c h  w a s  t h e n  w i p e d  d r y  w i t h  a  
W h a t m a n  N o .  1  f i l t e r  p a p e r .  T h e  s t a c k i n g  g e l  ( 3 %  w / v  
a c r y l a m i d e )  w a s  p o u r e d  o n t o  t h e  r e s o l v i n g  g e l .  A  c o m b  w a s  
i n s e r t e d  b e t w e e n  t h e  p l a t e s  ( t o  p r e p a r e  1 0 - 1 6  w e l l s ) . 
P o l y m e r i s a t i o n  o c c u r r e d  i n  3 0  t o  6 0  m i n u t e s  a t  r o o m  
t e m p e r a t u r e .
Sample preparation and separation
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S a m p l e  b u f f e r  { 2 0 0 p l )  w a s  m i x e d  w i t h  p r o t e i n  s o l u t i o n  
( 2 0 0 p i ) i n  a n  E p p e n d o r f  t u b e  a n d  d e n a t u r e d  b y  b o i l i n g  f o r  
5  m i n u t e s .  T h e  s o l u t i o n s  w e r e  c e n t r i f u g e d  a t  1 0 , 0 0 0 r p m  
f o r  2  m i n u t e s  t o  s e d i m e n t  i n s o l u b l e  m a t e r i a l  w h i c h  w o u l d  
o t h e r w i s e  f o r m  a  s t r e a k  o n  t h e  g e l .  M o l e c u l a r  w e i g h t  
m a r k e r  p r o t e i n s  w e r e  t r e a t e d  i n  t h e  s a m e  w a y  a s  t h e  
s a m p l e .
S a m p l e s  w e r e  a l l o w e d  t o  c o o l  t o  r o o m  t e m p e r a t u r e .  T h e  
c o m b  w a s  r e m o v e d  a n d  t h e  w e l l s  w a s h e d  w i t h  s a m p l e  b u f f e r .  
P r o t e i n  s a m p l e  { 1 0 - 6 0  p i )  o r  m o l e c u l a r  w e i g h t  s t a n d a r d s  
w e r e  s y r i n g e d  i n t o  e a c h  w e l l .
T h e  a p p a r a t u s  w a s  s e t  u p  a c c o r d i n g  t o  t h e  m a n u f a c t u r e r ' s  
i n s t r u c t i o n  m a n u a l  ( P h a r m a c i a ) . T h e  e l e c t r o p h o r e s i s  t a n k  
w a s  h a l f  f i l l e d  w i t h  4  l i t r e  r e s e r v o i r  b u f f e r  a n d  w a s  
s t i r r e d  t o  m a i n t a i n  u n i f o r m  d i s t r i b u t i o n  o f  h e a t .
I n  t h e  U K :  T h e  g e l  w a s  r u n  a t  r o o m  t e m p e r a t u r e  w i t h  
c o o l i n g  f r o m  r u n n i n g  t a p w a t e r .  T h e  g e l  w a s  o r i g i n a l l y  
r u n  a t  2 0  A m p s  p e r  g e l  a n d  t h e  V o l t a g e  a n d  P o w e r  d i a l s  
t u r n e d  t o  m a x i m u m .  T h e  s a m p l e  w a s  a l l o w e d  t o  m i g r a t e  t o  
t h e  r e s o l v i n g  g e l  a n d  t h e  c u r r e n t  i n c r e a s e d  t o  4 5  A m p s  
p e r  g e l .
I n  N a m i b i a :  T h e  g e l  w a s  r u n  i n  a  c o l d  r o o m  a t  4 ° C .  T h e  
g e l  w a s  o r i g i n a l l y  r u n  a t  a  c u r r e n t  o f  1 0  A m p ,  v o l t a g e  
2 5 0 V  a n d  p o w e r  9 . 6  W .  T h e  s a m p l e  w a s  a l l o w e d  t o  m i g r a t e
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t o  t h e  r e s o l v i n g  g e l  a n d  t h e  c u r r e n t  i n c r e a s e d  t o  2 0 A m p  
u n t i l  t h e  r u n  w a s  c o m p l e t e .
G e l  S t a i n i n g  a n d  D e s t a i n i n q
A f t e r  e l e c t r o p h o r e t i c  s e p a r a t i o n ,  t h e  g e l s  w e r e  s t a i n e d  
i n  5 0 0 m l  s t a i n i n g  s o l u t i o n  f o r  6  h o u r s  o r  o v e r n i g h t ,  
w a s h e d  w i t h  d i s t i l l e d  w a t e r  a n d  d e s t a i n e d  i n  a  1 0 % ( w / v )  
T C A  ( 3 5 0 m l ) . P i e c e s  o f  t h e  f o a m  w e r e  a d d e d  t o  t h e  
d e s t a i n i n g  s o l u t i o n  t o  a i d  t h e  a d s o r p t i o n  o f  d y e  
p i g m e n t s .  T h e  g e l  w a s  d e s t a i n e d  w i t h  s e v e r a l  c h a n g e s  o f  
1 0 %  T C A  u n t i l  a  c l e a r  b a c k g r o u n d  w a s  a c h i e v e d .
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2 . 3 . 4 . 2  P r e p a r a t i o n  o f  L i n e a r  G r a d i e n t  S l a b  G e l
G e l  m i x t u r e s  f o r  a  5 %  t o  2 0 %  g r a d i e n t  w e r e  p r e p a r e d  a s  
f o l l o w s :
A c r v l a m i r t e - b i s a c r v l a m i d e  m i x t u r e  ( 5 % )
-  A c r y l a m i d e - b i s a c r y l a m i d e  ( 3 0 : 0 . 8 %  w / v )
-  R e s o l v i n g  g e l  b u f f e r  s t o c k  3 M  ( p H  8 . 8 )
-  0 . 2 %  S D S ,  8 M  u r e a ,  2 0 m M  D T T
- APS (0.8% w/v)
-  D i s t i l l e d  w a t e r
-  T E M E D
A c r v l a m i d e - B i s a c r v l a m i d e  M i x t u r e  ( 2 0 % )
-  A c r y l a m i d e - b i s a c r y l a m i d e  ( 3 0 : 0 . 8 %  w / v )
-  R e s o l v i n g  g e l  b u f f e r  s t o c k  3 M  ( p H  8 . 8 )
-  0 . 2 %  S D S ,  8 M  u r e a ,  2 0 m M  D T T
-  A P S  ( 0 . 8  % ( w / v )
-  S u c r o s e  ( 1 4 . 9 %  w / v )
-  D i s t i l l e d  w a t e r
-  T E M E D
G r a d i e n t  A s s e m b l y
T h e  g e l  w a s  p o u r e d  w i t h  t h e  a i d  o f  g r a d i e n t  m i x e r  a c c o r d i n g  
t o  t h e  m a n u f a c t u r e r ' s  r e c o m m e n d a t i o n s  ( H o e f e r s  S c i e n t i f i c  
I n s t r u m e n t s ,  N e w c a s t l e - U n d e r - L y m e ,  S t a f f s ) . T h i s  s e t  u p  w a s
2 . 5 0  m l  
1 . 0 8  m l
1 . 5 0  m l  
0 . 3 5  m l
1 0 . 1 3  m l
10.00 pi
1 0 . 0 0  m l  
1 . 8 8  m l
1 . 5 0  m l  
0 . 3 5  m l  
2 . 2 5  g  
1 . 3 8  m l
1 0 . 0 0  j t i l
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e q u i p p e d  w i t h  a  p e r i s t a l t i c  p u m p  a n d  a  g r a d i e n t  m i x i n g  
c h a m b e r .  T h e  m a n u f a c t u r e r ' s  i n s t r u c t i o n  m a n u a l  w a s  f o l l o w e d .  
T h e  c o n n e c t i n g  t u b e  b e t w e e n  t h e  c h a m b e r s  o f  t h e  g r a d i e n t  
m a k e r  w a s  c l o s e d .  T h e  l o w  ( 5 %  a c r y l a m i d e )  a n d  h i g h  ( 2 0 %  
a c r y l a m i d e )  c o n c e n t r a t i o n  m i x t u r e s ,  w e r e  a d d e d  t o  r e s e r v o i r  
A  a n d  B  r e s p e c t i v e l y .  C h a m b e r  B  w a s  m i x e d  w i t h  a  m a g n e t i c  
s t i r r e r  a n d  t h e  g e l  e n t e r e d  t h e  p l a t e s  f i r s t .  C a r e  w a s  t a k e n  
t o  p r e v e n t  h e a t  f r o m  t h e  m a g n e t i c  s t i r r e r  w h i c h  c o u l d  c a u s e  
p r e m a t u r e  p o l y m e r i s a t i o n  o f  t h e  g e l .  T h e  f l o w  r a t e  o f  t h e  
g e l  m i x t u r e  i n t o  t h e  g l a s s - p l a t e  s a n d w i c h  w a s  a b o u t  
3 . 0 m l / m i n .  T h e  r e s o l v i n g  g e l  w a s  o v e r l a i d  w i t h  5  t o  6  d r o p s  
o f  w a t e r  s a t u r a t e d  b u t a n o l . I m m e d i a t e l y  t h e  g r a d i e n t  w a s  
p o u r e d ,  t h e  g r a d i e n t  m a k e r  w a s  f l u s h e d  w i t h  w a t e r  t o  p r e v e n t  
a c r y l a m i d e  p o l y m e r i s i n g  i n  t h e  a p p a r a t u s .  A f t e r  
p o l y m e r i s a t i o n  o f  t h e  s l a b  g e l ,  t h e  o v e r l a y  w a s  r e m o v e d  b y  
t i l t i n g  t h e  g e l  a n d  t h e  s t a c k i n g  g e l  w a s  p o l y m e r i s e d  i n  
p l a c e ,  c o m p l e t e  w i t h  s a m p l e  w e l l s .  E l e c t r o p h o r e t i c  
s e p a r a t i o n  w a s  a c h i e v e d  a s  d e s c r i b e d  p r e v i o u s l y  ( S e c t i o n  
2 . 3 . 4 . 1 ) .
2 . 3 . 5  D r y i n g  o f  S D S - p o l y a c r y l a m i d e  g e l s
A  l o w  c o s t  d r y i n g  k i t  c o m p r i s i n g  c l a m p s ,  f r a m e s  a n d  
c e l l u l o s e  f i l m s  ( w h i c h  a r e  e s s e n t i a l l y  g a s - i m p e r m e a b l e )  w a s  
o b t a i n e d  f r o m  P r o m e g a .  T h e  d e s t a i n e d  g e l  w a s  s o a k e d  i n  a  1 0 %  
( v / v )  g l y c e r o l  s o l u t i o n  f o r  2  h o u r s  t o  r e m o v e  a n y  r e m a i n i n g  
T C A  w h i c h  w o u l d  c a u s e  t h e  g e l  t o  c r a c k  w h e n  d r i e d .  A  c u t t i n g
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b o a r d  w i t h  a  s m o o t h  s u r f a c e  w a s  w e t t e d  w i t h  w a t e r .  O n e  f r a m e  
w a s  p l a c e d  o n  t h e  s u r f a c e  a n d  a  t h o r o u g h l y  w a t e r  m o i s t e n e d  
c e l l u l o s e  s h e e t  p l a c e d  w r i n k l e  f r e e  o v e r  t h e  f r a m e .  T h e  g e l  
w a s  p l a c e d  o n  a  w e t  s h e e t  a n d  a  s e c o n d  c e l l u l o s e  s h e e t  w a s  
m o i s t e n e d  a n d  c a r e f u l l y  p l a c e d  o v e r  t h e  g e l  s o  t h a t  n o  a i r  
b u b b l e s  w e r e  t r a p p e d  b e t w e e n  t h e  c e l l u l o s e  f i l m s .  A  s e c o n d  
f r a m e  w a s  p l a c e d  d i r e c t l y  o v e r  t h e  f i r s t .  T h e  f r a m e s  w e r e  
c l a m p e d  t o g e t h e r  a n d  t h e  f r a m e  a s s e m b l y  p u t  i n  a  h o r i z o n t a l  
p o s i t i o n  a n d  a l l o w e d  t o  d r y  f o r  7 2  h o u r s .
2 . 3 . 6  E s t i m a t i o n  o f  t h e  p r o t e i n  m o l e c u l a r  w e i g h t s  a f t e r  
S D S - P A G E .
A f t e r  d e s t a i n i n g  t h e  R f  v a l u e  ( m o b i l i t y )  o f  e a c h  o f  t h e  
m a r k e r  p r o t e i n s  w a s  c a l c u l a t e d  u s i n g  t h e  f o r m u l a :
D i s t a n c e  t r a v e l l e d  b y  t h e  p r o t e i n  b a n d  ( c m )
R f  =  -----------------------------------------------------------------------------------------------------------------------------
T o t a l  g e l  l e n g t h  ( c m )
T h e  R f  v a l u e s  w e r e  t h e n  p l o t t e d  a g a i n s t  m o l e c u l a r  w e i g h t s  
a n d  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  u n k n o w n  p r o t e i n  b a n d s  
c a l c u l a t e d  f r o m  t h e  g r a p h .
2 . 4  I s o e l e c t r o f o c u s i n g  ( I E F )
2 . 4 . 1  P r i n c i p l e
I E F  i s  a  h i g h  r e s o l u t i o n  m e t h o d  i n  w h i c h  a m p h o t e r i c
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s u b s t a n c e s  s u c h  a s  p r o t e i n s ,  a m i n o  a c i d s  a n d  p e p t i d e s  a r e  
s e p a r a t e d  i n  a n  e l e c t r i c  f i e l d  i n  t h e  p r e s e n c e  o f  a  
c o n t i n u o u s  p H  g r a d i e n t .  P r o t e i n s  m i g r a t e  a c c o r d i n g  t o  t h e i r  
c h a r g e  u n t i l  t h e y  r e a c h  t h e  p H  v a l u e s  a t  w h i c h  t h e y  h a v e  n o  
c h a r g e  ( i . e .  p i ) .  T h e  p r o t e i n s  t h e r e f o r e  a t t a i n  a  s t e a d y  
s t a t e  o f  z e r o  m i g r a t i o n  a n d  a r e  f o c u s e d  i n t o  n a r r o w  z o n e s .  
S u b s t a n c e s  w h i c h  a r e  i n i t i a l l y  a t  p H  r e g i o n s  b e l o w  t h e i r  
i s o e l e c t r i c  p o i n t  ( p o s i t i v e l y  c h a r g e d )  w i l l  m i g r a t e  t o w a r d s  
t h e  c a t h o d e .  A s  t h e y  d o  s o ,  t h e  s u r r o u n d i n g  p H  g r a d u a l l y  
i n c r e a s e s  u n t i l  i t  c o r r e s p o n d s  t o  t h e i r  i s o e l e c t r i c  p o i n t s .  
A s  a t  t h i s  s t a g e  t h e y  h a v e  n o  n e t  c h a r g e  ( i . e .  t h e  
z w i t t e r i o n  f o r m )  m o v e m e n t  c e a s e s .  S i m i l a r l y ,  s u b s t a n c e s  
w h i c h  a r e  i n i t i a l l y  a t  p H  a b o v e  t h e i r  i s o e l e c t r i c  p o i n t s  
( n e g a t i v e l y  c h a r g e d )  m i g r a t e  t o w a r d s  t h e  a n o d e  u n t i l  t h e y  
r e a c h  t h e i r  i s o e l e c t r i c  p o i n t s  a n d  b e c o m e  s t a t i o n a r y .  I E F  i s  
a  s e n s i t i v e  t e c h n i q u e  a s  d i f f e r e n c e s  b e t w e e n  i s o e l e c t r i c  
p o i n t s  o f  o n l y  O . O l p H  u n i t s  a r e  s u f f i c i e n t  f o r  p r o t e i h  
s e p a r a t i o n .
2 . 4 . 2  M a t e r i a l s
C o o m a s s i e  B r i l l i a n t  R - 2 5 0 :  S i g m a  C h e m i c a l  C o m p a n y  L t d . ,  
P o o l e ,  D o r s e t .  O r t h o p h o s p h o r i c  a c i d  ( 8 5 % )  a n d  g l y c e r o l  
" A n a l a r "  g r a d e  w e r e  o b t a i n e d  f r o m  B D H  L a b o r a t o r y  S u p p l i e s ,  
M e r c k  L t d ,  L u t t e r w o r t h ,  L e i c s .  S o d i u m  h y d r o x i d e  w a s  o b t a i n e d  
f r o m  M a y  a n d  B a k e r  L t d ,  D a g e n h a m .  A m p h o l i n e  P A G  p l a t e s ,  p H  
3 . 5 - 9 . 5 :  L K B  I n s t r u m e n t s  L t d ,  C r o y d o n .
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L K B  2 1 1 7  M u l t i p h o r  
L K B  2 1 9 7  P o w e r  s u p p l y
L K B  2 2 1 9  M u l t i t e m p .  I I  T h e r m o s t a t i c  C i r c u l a r .
2 . 4 . 4  P r e p a r a t i o n  o f  r e a g e n t s  
E l e c t r o d e  S o l u t i o n s
l m o l / 1  H 3 P 0 4  ( c a t h o d e )  a n d  1  m o l / 1  N a O H  ( a n o d e )  .
S t a i n i n g  s o l u t i o n
C o o m a s s i e  B l u e  R  2 5 0  ( 0 . 2 9 g )  w a s  d i s s o l v e d  i n  2 5 0 m l  
d e s t a i n i n g  s o l u t i o n ,  a n d  f i l t e r e d  t h r o u g h  W h a t m a n  p a p e r  N o .  
1 .
F i x i n g  s o l u t i o n
T C A  ( 2 9 g )  a n d  s u l p h o s a l c y l i c  a c i d  ( 8 . 5 g )  d i s s o l v e d  i n  M i l l i  
Q w a t e r  ( 2 5 0 m l ) .
D e s t a i n i n q  s o l u t i o n
E t h a n o l  ( 5 0 0 m l )  a n d  a c e t i c  a c i d  ( 1 6 0 m l )  w e r e  m a d e  u p  t o  2  
l i t r e s  w i t h  M i l l i - Q  w a t e r .
P r e s e r v i n g  s o l u t i o n  ( 1 0 % )
G l y c e r o l  ( 2 5 m l )  w a s  m a d e  u p  t o  2 5 0 m l  w i t h  d e s t a i n i n g  
s o l u t i o n .
Equipment
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2 . 4 . 4  M e t h o d
I s o e l e c t r i c  f o c u s i n g  w a s  p e r f o r m e d  o n  L K B  A m p h o l i n e  P A G  
p l a t e s  ( p H  3 . 5 - 9 . 5 )  u s i n g  a n  L K B  m u l t i p o r  2 1 1 7  f o l l o w i n g  t h e  
m e t h o d  d e s c r i b e d  b y  W i n t e r  ( 1 9 7 7 ) .  A b o u t  1 m l  o f  i n s u l a t i n g  
m e d i u m  ( l i g h t  p a r a f f i n  o i l )  w a s  p i p e t t e d  o n t o  t h e  c o o l i n g  
p l a t e  o f  M u l t i p h o r  I I .  T h e  g e l  w a s  p o s i t i o n e d  c a r e f u l l y  o n  
t h e  p l a t e  e n s u r i n g  t h a t  n o  a i r  b u b b l e s  w e r e  t r a p p e d  b e n e a t h  
t h e  g e l . T w o  e l e c t r o d e  s t r i p s  w e r e  s o a k e d  i n  a p p r o p r i a t e  
e l e c t r o d e  s o l u t i o n ,  a p p r o x i m a t e l y  3 m l  p e r  s t r i p  a n d  a p p l i e d  
t o  t h e  l o n g  e d g e s  o f  t h e  g e l .
S a m p l e  p r e p a r a t i o n  a n d  a p p l i c a t i o n
P r o t e i n  s a m p l e s  ( 1 5 + 1 )  w e r e  a p p l i e d  a t  a b o u t  1 0 m m  f r o m  t h e  
c a t h o d e .  T h e  s a m p l e s  w e r e  a p p l i e d  o n t o  p i e c e s  o f  f i l t e r  
p a p e r  w h i c h  w e r e  r e m o v e d  a f t e r  c o m p l e t i n g  a p p r o x i m a t e l y  h a l f  
t h e  t o t a l  f o c u s i n g  t i m e .
R u n n i n g  c o n d i t i o n s
T h e  s e p a r a t i o n  w a s  p e r f o r m e d  f o r  1 . 5 h r  a t  1 5 0 0 V ,  5 0 m A m p s  a n d  
3 0 W  a t  r o o m  t e m p e r a t u r e .  F o r  h a l f  a  g e l ,  t h e s e  v a l u e s  w e r e  
r e d u c e d  a c c o r d i n g l y .
B a n d  d e t e c t i o n
I m m e d i a t e l y  a f t e r  i s o e l e c t r i c  f o c u s i n g ,  t h e  g e l  w a s  f i x e d  
f o r  0 . 5  t o  1  h o u r .  T h e  g e l  w a s  w a s h e d  f o r  5  m i n u t e s  w i t h  
d e s t a i n i n g  s o l u t i o n  a n d  s t a i n e d  f o r  t e n  m i n u t e s  i n  s t a i n i n g
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s o l u t i o n  w h i c h  h a d  b e e n  p r e h e a t e d  t o  6 0 ° C .  T h e  g e l  w a s  
d e s t a i n e d  w i t h  o c c a s i o n a l  c h a n g e s  o f  t h e  d e s t a i n i n g  s o l u t i o n  
u n t i l  t h e  b a c k g r o u n d  w a s  c l e a r .  T h e  g e l  w a s  t h e n  d r i e d  a s  
d e s c r i b e d  p r e v i o u s l y .
2 . 5  G e l  f i l t r a t i o n  c h r o m a t o g r a p h y
2 . 5 . 1  P r i n c i p l e
G e l  f i l t r a t i o n  i n v o l v e s  a  s a m p l e  b e i n g  a p p l i e d  t o  a  c o l u m n  
o f  a  m o l e c u l a r  s i e v e .  P r o t e i n s  a r e  e l u t e d  w i t h  a p p r o p r i a t e  
b u f f e r  d e c r e a s i n g  o r d e r  o f  t h e i r  m o l e c u l a r  s i z e .  T h e  m o s t  
i m p o r t a n t  v a r i a b l e s  u s e d  t o  c h a r a c t e r i s e  t h e  b e h a v i o u r  o f  
d i f f e r e n t  s u b s t a n c e s  o n  t h e  c h r o m a t o g r a p h i c  b e d  i n c l u d e  t h e  
e l u t i o n  v o l u m e  ( V e ) , v o i d  v o l u m e  ( V 0 ) a n d  t o t a l  b e d  v o l u m e  
( V t ) w h e r e :
V e =  t h e  v o l u m e  o f  t h e  e l u a n t  v o l u m e  t h a t  i s  r e q u i r e d  t o  
c a r r y  t h e  m o l e c u l e s  o f  t h e  s u b s t a n c e  t h r o u g h  t h e  
c o l u m n .
V 0  =  t h e  v o l u m e  i n  w h i c h  t h e  p r o t e i n s  t o o  l a r g e  t o  e n t e r  
t h e  p o r e s  s i e v e s  e m e r g e .
V t  T h i s  r e p r e s e n t s  t h e  v o l u m e  o f  t h o s e  m o l e c u l e s  n o t  
e x c l u d e d  f r o m  t h e  m o l e c u l a r  s i e v e  p a r t i c l e s .
T h e  V e , V 0  a n d  V t  a r e  u s e d  t o  d e f i n e  a  d i s t r i b u t i o n
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ve-vG
Kd = ----------
vt-vQ
Kd is essentially an equilibrium constant for partitioning 
between the interior pores and the external volume and is a 
function of molecular size.
2.5.2 Materials
Sephadex G-200 was obtained from Pharmacia, Ltd, Milton 
Keynes, Bucks. Blue dextran 2000 and Bromophenol blue was 
BDH Laboratory Supplies, Merck Ltd., Lutterworth Leics.
For other chemicals see details below.
Equipment
LKB fraction collector, Pharmacia.
2.5.3 Method 
Preparation of the Sephadex G-200 gel and column packing
Sephadex G-200 (powder) was obtained from Pharmacia and 
prepared according to the manufacturer's recommendations. 
Sephadex G-200 (5.7 g) was dissolved in 200ml water and 
allowed to swell at room temperature for 72 hours with 
occasional hand shaking. The slurry was degassed under 
vacuum and then poured into a column lm long with an 
internal diameter of 16mm (C/16/1000 column Pharmacia Ltd,
co e ffic ien t Kd.
7 0
Milton Keynes, England), to give a packed bed volume of 170- 
180ml. Packing was achieved by passing 4-5 bed volume of 
0.5M KC1, 20mM Tris-HCl (pH 7.2) buffer, through the column. 
The flow rate was adjusted to lOml/hour using a perista ltic 
pump (Pharmacia Ltd, Milton Keynes). The column was then 
maintained at 4°C for a ll experiments.
The use of Blue Dextran 2000 (Bd 2000) and Bromophenol Blue 
(BB) to assess the uniformity of the packed column 
Preparation of BB Stock Solution
BB (10+g) was added to 5ml ethanol (95%) and vortexed to mix 
thoroughly. The eluent buffer, 0.5M KC1, 20mM Tris-HCl 
buffer (pH 7.2), was added drop-wise until the solution 
turned intensely blue.
Preparation of Bd 2000 Stock Solution
Bd 2000 (lOmg) was dissolved in 4ml, 0.5 MKC1, 20mM Tris-HCl 
buffer (pH 7.2).
Preparation of Bd 2000 and BB working solution
Bd 2000 and BB (0.5ml:0.lml) were mixed and a total volume 
of 0.6ml loaded onto Sephadex G-200 column. Aliquots were 
collected and absorbance determined at 540nm.
Sample Application
An LV-3 was used as a syringe holder and 1.5ml protein
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in jected  onto the column.
Column Maintenance
After each run, the column was cleaned with filtered NaOH 
(0.2M) to remove precipitated proteins which may have built 
up on the gel bed. After cleaning, the column was re­
equilibrated with the eluent buffer.
2.6 Preparation of the salt extractable, sarcoplasmic and 
total myofibrillar proteins from fish muscle
2.6.1 Materials
Sodium dodecyl sulphate (SDS), ammonium persulphate (APS), 
£-mercaptoethanol, tris(hydroxymethyl)aminomethane, Tris (pH 
7-9) were a ll from Sigma Chemical Co. Ltd. Sodium chloride, 
sodium hydrogen carbonate, potassium chloride, EDTA, 
glycine, urea were a ll "Analar" grade supplied by BDH 
Laboratory Supplies, Merck Ltd, Lutterworth, Leics. Aquacide 
III was obtained from Calbiochem-Novalbiochem Corporation,
La Jolla, CA.
Equipment
Beckman centrifuge model JS-21 with a JA-14 rotor, Beckman 
centrifuge model J6b, Jencons ultrasound bath, Kontron 
Instruments Uvicon Spectrophometer 860, Potter/Elvehjem 
Apparatus.
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2.6.2 Method
2.6.2.1 Total Extractable (Salt Extractable) Protein
Skinless f i l le t s  were macerated in a Waring blender. Fish 
mince (lg) was homogenised (20 secs.) in ice cold 10ml 
buffer (5% w/v) NaCl, adjusted to pH 7.2 with 0.02M sodium 
hydrogen carbonate using the Potter/Elvehjem apparatus. The 
mixture was allowed to stand on ice for 20 minutes and 
centrifuged at 15,000rpm for 20 minutes. The filtered 
supernatant was used for SDS-electrophoresis, protein 
determination (Lowry, 1951; Bradford, 1976), HPLC and IEF.
2.6.2.2 Sarcoplasmic proteins (water soluble proteins)
Frozen samples ( G a d u s  m o r h u a , M. c a p e n s i s  and M. p a r a d o x u s ) 
were thawed and lg sample was homogenised in 10ml ice cold 
d is tilled  water using the Potter/Elvehjem Apparatus. The 
homogenates were kept cool at 4°C for 20 minutes and 
centrifuged at 15,000rpm in a refrigerated centrifuge (4°C) 
The supernatant was filtered and used within 4 hours for 
SDS-electrophoresis, protein determination, Lowry (1951) or 
Bradford (1976), HPLC and IEF.
2.6.2.3 Total myofibrillar proteins (MFP)
This was performed according to LeBlanc (1989) with 
modifications. Duplicate samples of coarsely minced skinles 
fish f i l le t s  were washed three times with ice cold water in 
order to remove the water soluble proteins. Samples were
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then finely ground, and homogenised in 50ml ice cold 20mM 
KH2P04 buffer (pH 7.0) containing lOOmM KC1, ImM EDTA, ltnM 
NaN3 using an Elvehmejer Potter apparatus. The samples were 
homogenised four times for 15 seconds each time with 30 secs 
cooling intervals. The container was continuously cooled in 
ice which was contained in a metallic can. Homogenates were 
centrifuged (3000rpm) at 4°C in a refrigerated Beckman 
centrifuge for 15 minutes. Two layers were formed, a highly 
compacted solid matrix at the bottom and a fine thin layer 
at the top. The fine layer was removed using a Pasteur 
pipette and placed in glass centrifuge tube. This residue 
was then washed 8 times with cold homogenisation buffer. The 
bottom layer from the f ir s t  centrifugation was discarded.
The myofibrillar material was then washed 4 times in ice 
cold lOOmM NaCl to remove potassium ions. The myofibrillar 
materials were dissolved in 10 ml lOOmM Tris/ glycine (pH 
8.8), containing 8M urea, 2.5 % (w/v) SDS, 5mM EDTA. The 
aliquots were concentrated by Aquacide using dialysis tubes.
2.7 Extraction and Purification of Myosin and Actin from 
Fish Muscle
2.7.1 Materials
Tris, S-mercaptoethanol, magnesium acetate, ethylene glycol 
bis N,N',N'-tetraacetic acid (EGTA), maleate, 
dithiothreitol (DTT), adenosine-triphosphate (ATP), 
magnesium chloride were obtained from Sigma Chemical Co.
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Ltd. Potassium chloride, hydrochloric acid, potassium 
dihydrogen phosphate, disodium hydrogen phosphate 
(anhydrous), sodium pyrophosphate, ethylene
dinitrotetraacetic acid (EDTA) were a ll "Analar" grade from 
BDH Laboratory Supplies, Merck Ltd, Lutterworth, Leics.
Equipment
As listed previously (Section 2.6.1).
2.7.2 Methods
2.7.2.1 Myosin preparation
Two methods were employed and are designated "A" and "B". 
Method !,A" contained Tris which was not included in method 
"B".
Reagents for method "A" for mvosin preparation
Solution A: 0.1MKC1, 0.02% (w/v) NaN3 and 20mM Tris-HCl 
buffer, (pH 7.5);
Solution B: 0.45MKC1, 5mM &-mercaptoethanol, 0.2M
Mg(CH3COO)2, ImM ethylene glycol bis N,N',N' 
tetraacetic acid (EGTA), 20mM Tris-maleate 
buffer, (pH 6.8);
Solution C: 0.5MKC1, 5mM &-mercaptoethanol, 20 mM Tris- 
buffer, (pH 7.5);
Solution D: 0.8M KCL, 5mM £-mercaptoethanol, 0.2M 
Mg (CH3COO) 2.
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Myosin was prepared according to the method of Lanier 
(1989) .
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Figure 2-1 Flow chart for the extraction and purification 
of myosin and actin.
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Rationale of the inclusion of ATP in solution B, at stage 3 
in the flow diagram above, was to dissociate actomyosin. 
Actin is known to bind tightly to myosin in the absence of 
ATP and dissociates rapidly in its  presence (Prochniewiez 
and Strzelecka-Golaszewska, 1980; Green et a l ., 1983).
Intermediary sampling
The following protein fractions were obtained during 
purification as illustrated in Figure 2-1: Myofibrillar 
proteins (3), very crude myosin (4), crude myosin (6), 
myosin (8), very crude actin (10), crude actin (12) and 
actin (13).
Mvosin Extraction using Method "B
Solution A: 0.30M KC1, 0.15M potassium phosphate (pH 6.5), 
0.02M ethylene dinitrotetraacetic acid (EDTA), 
0.005M MgCl2, 0.001M ATP.
Solution B: 1.OM KC1, 0.025M EDTA, 0.06M potassium phosphate 
(pH 6.5)
Solution C: 0.60M KC1, 0.025M potassium phosphate (pH 6.5), 
0.01M EDTA, 0.001M dithiothreitol (DTT)
Solution D: 0.60M KC1, 0.05M potassium phosphate (pH 6.5)
Solution E: 0.15M potassium phosphate (pH 7.5), 0.01% (w/v)
EDTA
Solution F: 0.04M sodium pyrophosphate (pH 7.5), 0.001M DTT
Solution G: 0.02M sodium pyrophosphate (pH 7.5). 0.001M DTT
Solution H: 0.04M KC1, 0.01M potassium phosphate (pH 6.'5),
0.001M DTT
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Solution I: 0.04M KC1, 0.01M potassium phosphate (pH 6.5) 
Fish muscle was thawed and coarsely minced with a Waring 
food blender. The sample (25g) was washed with d is t illed  
water (100ml) and centrifuged at 5000rpm for 10 minutes. The 
supernatant was discarded and this step repeated 5 times.
The residue was then extracted in 100ml solution A at 4°C 
for 15 minutes with constant gentle stirring with a glass 
stirring rod. D istilled water (100ml) was added to this 
mixture and filtered through a Whatman f i l t e r  paper No. 1. 
The supernatant was further diluted with 100ml of ice cold 
d is t illed  water. The filtra te  was allowed to stand at 4°C 
for 3 hours. The supernatant was siphoned off and 
centrifuged at 10,000rpm for 20 minutes. The resultant 
precipitate was dissolved in 15ml solution B. The protein 
suspension was dialysed overnight against solution C.
2 .7 .2 .2 Actin Preparation
Two methods were also used for the extraction of actin; 
f irs t ly , according to the method of Lanier (1989 as 
indicated by the flow diagram (Figure 2-1) and secondly 
according to the method of Barany et a l . (1957) with 
modifications as described below. F ille ts  (30g) were thawed, 
minced and washed with d is tilled  water (100ml) with six 
changes and centrifuged at SOOOrpm. The residues were then 
washed with 300ml of 0.4% (w/v) sodium carbonate containing 
0.01% EDTA for 20 minutes with two changes and centrifuged
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for 10 minutes at 5000rpm. The residues were again washed 
with 300ml d is t ille d  water and centrifuged at SOOOrpm for 5 
minutes before drying acetone. The residues were allowed to 
further dry at room temperature for 10 hours.
Reconstitution of the acetone dried residue
Residues (2g) were reconstituted in water, filtered and the 
resultant protein termed globular actin (G-actin). The 
residue which was reconstituted in the presence of 0.lg 
MgCl.6H20 was termed fibrous actin (F-Actin).
2.8 Myosin ATPase activ ity
2.8.1 Principle
The assay of myosin adenosine-triphosphatase (ATPase) was 
carried out by estimating spectrophotometrically the 
inorganic phosphate (Pi) liberated by the enzyme from ATP in 
the presence of Ca2+ under specified conditions (Perry,
1955). The liberated Pi was measured with molybdate at pH 4 
and in the presence of a reducing agent (ascorbic acid). The 
specific activ ity was expressed as jumoles Pi/min./ mg 
protein.
ATP + H20 ------- ► ADP + H3P04.
2.8.2 Materials
Acetic acid was obtained from Fisons Scientific Equipment.
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Adenosine-triphosphate (ATP), magnesium chloride, Tris- 
(hydroxymethyl) amino-methane, [Tris] (pH 7-9) were obtained 
from Sigma Chemical Co. Ltd. Ammonium molybdate, sodium 
acetate, ascorbic acid and ethylene dinitrotetraacetic acid 
(EDTA), glycine, c it r ic  acid, trichloroacetic acid, 
orthophosphoric acid (H3P04) were a ll "Analar" grade from BDH 
Laboratory Supplies, Merck Ltd, Leics.
2.8.3 Preparation of reagents 
Incubation Medium
Magnesium chloride (2mM) and ATP (5mM) were dissolved in 
0.03M Tris-Glycine buffer (pH 8.4).
Acetate buffer (pH 6.4)
Acetic acid (0.1M) and sodium acetate (0.065M).
Molvbdate-Ascorbic Reagent
Ammonium molybdate 2.5% (w/v)
Acetate buffer (pH 6.4) 
and just before use 2ml of 1% 
and the solution was vortexed
2.8.4 Assay procedure 
Inorganic phosphate (P^  Calibration Curve
A solution containing 69mg H3P04 per l it r e  (i.e. 69/xg/ml) 
was prepared and from this a range of concentrations between
2 ml 
46ml
(w/v) ascorbic acid was added 
to mix thoroughly.
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0.003mg/ml and 0.0345mg/ml was prepared. Each tube contained 
a total volume of 1ml. Incubation medium (1.8ml) [excluding 
ATP] was added to each tube and vortexed to mix. Tubes were 
incubated at 40°C for 10 minutes, placed on ice bath and 1ml 
10% (w/v) TCA added to each tube to stop the reaction. The 
solutions were centrifuged at 4000rpm for 15 minutes. 
Molybdate-ascorbic reagent (2ml) was added to each solution 
and the absorbance measured spectrophotometrically at 820nm.
Assay for mvosin-ATPase activ ity
A 1.8ml incubation medium previously kept at 37°C for 20 
minutes was added to 0.5ml myosin solution in a test tube. 
The solutions were heated for 10 minutes at 40°C. Tubes were 
placed on an ice bath and the reaction stopped by the 
addition of 1ml TCA 10% (w/v). The solution was centrifuged 
at 4000rpm for 15 minutes. An aliquot of supernatant (2ml) 
was then added to 2ml molybdate-ascorbic acid reagent and 
vortex mixed. The liberated Pi was measured at 820nm within 
an hour. The results were expressed as units/mg protein/ml.
2.9 Reversed-phase high performance liquid chromatography 
(HPLC) of the sarcoplasmic and salt extractable 
proteins from fish muscle
2.9.1 Materials
Acetonitrile (HPLC grade) was obtained from Fisons 
Scientific Equipment, Loughborough, Leics. Trifluoroacetic
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acid (TFA) was obtained from Sigma Chemical Co. Ltd.
Samples; Cod (G a d u s  m o r h u a ) f i l le ts  were obtained from a 
local supermarket.
Equipment
Beckman Model J21 with an JA-14 rotor.
HPLC, Spectraphysics.
2.9.2 Method
Reversed phase HPLC was performed on a VYDAC column, C18,
No. 218TP5415. Analysis was performed on a Spectra Physics 
system AS3000 autosampler, equipped with a Spectra Physics 
P4000 gradient system, injector, programmable system 
controller and UV detector. Detection was performed using a 
Spectra Physics forward optical scanning detector set up to 
scan the UV region between 230nm to 280nm.
Data was recorded and integrated using a computer integrated 
package.
Injection volumes 20jLil.
Mobile phase:
- Solvent A: 30% (v/v) acetonitrile, 0.1% (v/v) TFA acid in 
d is t ille d  water.
- Solvent B: 70% (v/ml) acetonitrile, 0.1% (v/v) TFA acid
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in d is t i l le d  water.
Solvents were degassed by bubbling through with helium gas. 
Gradient;
Linear gradient from 10% B to 30% B over 35 minutes (convex 
3) plus 2 minutes to return to the original conditions.
Flow rate: 1. Omlmin"1
Sensitivity: 0.05 AUFS
D istilled water and salt extraction buffer were used as 
blanks. Prior to injection, the protein solutions were 
dialysed for 2 hours against d is tilled  water at 4°C to 
remove formaldehyde.
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C H A P T E R  3
PROTEIN EXTRACTION, PURIFICATION, DETERMINATION 
AND SPECIES IDENTIFICATION
3.1 AIMS
The aims of this chapter were:
to characterise the salt extractable proteins, 
sarcoplasmic proteins, total myofibrillar proteins, 
myosin and actin from cod ( G a d u s  m o r h u a )  muscle by SDS- 
PAGE.
to separate sarcoplasmic proteins from M. c a p e n s i s  a n d  
M. p a r a d o x u s  by SDS-PAGE (5-20%); to elute the distinct 
protein band of interest from the SDS-gel for each 
species; to use the extracted proteins for the 
production of polyclonal antibodies and to assess the 
immunogenic response by ELISA and Western Blot and; 
to purify fish myosin and actin by gel f iltra tion  
chromatography.
3.2 INTRODUCTION
Proteins are a heterogeneous class of biological 
macromolecules which are unstable when not in their native 
environment. The in it ia l step in the protein isolation 
procedure consists of washing the tissue in a buffered 
solution or in d is t ille d  water in order to remove debris.
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Isolation and purification of protein from biological 
matrices, such as tissues, commences with a process 
designed to disrupt the general architecture of the sample. 
The most common way of disrupting soft tissues for the 
isolation of intracellular proteins is by homogenisation 
(Necessary, 1985) . This may be followed by a centrifugation 
step to separate the soluble protein fractions from the 
membrane fraction and insoluble materials.
To assist in the extraction of proteins, different 
conditions were employed. These approaches were based on 
protein solubility, charge, pH adjustment and various forms 
of chromatographic techniques.
There are a number of different approaches which may be 
employed to separate or purify specific proteins. The use 
of ionic and nonionic detergents to influence the protein 
so lubility has been widely employed (Helenius, 1979; 
Scopes, 1982; Hjelmeland, 1984; Harlow and Lane, 1988; 
Eldelstein, 1991). Organic solvents and acid also lead to 
so lubility changes which can be useful in protein 
purification. The protein solution may be centrifuged and 
the protein collected as a pellet. These protocols may be 
assisted by the use of preserving compounds such as 
glycerol, reducing agents or protease. Methods which 
u t ilise  differences in protein molecular weights include 
SDS-PAGE (Laemmli, 1970; Blackshear, 1984; Hames, 1990) and 
gel filtra tion  chromatography. As proteins are charged
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molecules, isoelectric focusing gel electrophoresis 
(O'Farrel, 1975; Allen, 1984; Walker, 1987) and ion 
exchange chromatography (Shleif and Wansink, 1981; Scopes,
1982) may be applied. Recently, more sophisticated methods 
equipped with materials to which the proteins are 
d ifferentia lly adsorped, such as HPLC, a ffin ity 
chromatography, have been introduced. Similar techniques 
which use antibodies such as immunoprecipitation are in use 
(Lerner and Steitz, 1979).
Although these techniques accomplish protein separation, 
their physical and chemical harshness can complicate the 
procedure of isolation of the target molecules or lead to 
their destruction and the generation of artifacts.
3.2.1 Differentiation of M e r l u c c i u s  c a p e n s i s  from 
M e r l u c c i u s  p a r a d o x u s
There are two forms of Namibian hake (M. c a p e n s i s  and M.  
p a r a d o x u s )  which are are occasionally referred to as Cape 
hakes (Payne 1989; Crawford e t  a l ., 1987) . Merluccius is an 
ancient name meaning sea pike, whereas c a p e n s i s  is derived 
from the name Cape. The word hake is a derivative of an old 
English word haca which means to hook. P a r a d o x u s  is  the 
name given to the second Namibian hake to differentiate i t  
from the commonly found c a p e n s i s . No distinction is made 
between M. c a p e n s i s  and M. p a r a d o x u s  in the fisheries 
statistics. For assessment purposes, the two species are 
considered together (ICSEAF Documents, 1974-1988;
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Wysokinski, 1986; V illie rs , 1985) . The d ifficu lty  is  due to 
the close sim ilarity. It is not easy to distinguish with 
certainty the two species when fish are newly landed on the 
trawler's deck, headed and gutted, even for experienced 
fisheries scientists. Several researchers have utilised 
external differences, however these differences are slight, 
mainly of morphological nature, size of the eye, 
colouration, general shape of the body and structure of the 
g ills . Organoleptically, there is no noticeable difference 
in flavour or texture. Nevertheless, the abundance, biology 
and ecology of the two species d iffer considerably. M.  
c a p e n s i s  is the dominant hake off northern Namibia 
(MacPherson, 1982) . M. c a p e n s i s  has a mean number of 50 
vertebrae, while M. p a r a d o x u s  has 55 vertebrae (Franca, 
1954). This difference in the number of vertebrae has been 
widely used for identification of the two species. The 
other way of differentiating the two species is according 
to habitat. M. c a p e n s i s  is mainly found at a depth of about 
3 80m and is therefore referred to as a "shallow water 
hake" (Botha, 1973) . However at intermediate depth, i t  
overlaps with M e r l u c c i u s  p a r a d o x u s  (Botha, 1973, 1980)
especially between 150m to 220m. M. p a r a d o x u s  is found up 
to a depth of 800m and is termed "deep water hake" (Botha, 
1973). Inada (1981) listed water temperatures for the two 
species as 4-12°C for M. c a p e n s i s  and 4-8°C for M.  
p a r a d o x u s .  The size of the two species also differs. When 
mature, M. c a p e n s i s  is  usually smaller then M. p a r a d o x u s .  
M. c a p e n s i s  attains 50% maturity at total lengths of 30cm
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(males) and 48cm (females) and those of M. p a r a d o x u s  at 
38cm (males) and 43.7cm (females), corresponding in both 
species to ages of just under four years (males) and five 
(females) (Botha, 1980). Due to the sim ilarities of these 
two species, no single method has been found to 
satisfactorily distinguish between the two species. The 
only reliable method is  SDS-PAGE separation of the 
sarcoplasmic proteins (Mackie and Jones, 1977) .
Hakes are fished mainly by demersal trawling during 
daylight (Konchina, 1986), although off the bottom at night 
they may be caught as a by-catch in the mid-water trawl 
fisheries (Chlaposwski et a l . ,  1982). A minimum mesh size 
of 110 mm for hake was adopted by ICSEAF in 1975 following 
assessments of the effect on mesh size on catches of hake 
(Ikeda, 1974; Newman, 1974). Earlier mesh sizes of 90 to 
102mm had been used (Newman, 1977). The market for hake is 
large. Hake is mainly processed into frozen products, 
f i l le ts  or whole gutted fish. Before the independence of 
Namibia, only a small proportion of the hake caught in 
Namibian waters was landed in Namibia. Most was destined 
for export, especially to the EC.
In order to pursue the previous studies on the 
differentiation of the two Namibian hake species (M . 
c a p e n s i s  and M. p a r a d o x u s ) species, electrophoretic and 
immunological techniques were employed.
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ELISA may be described as a quantitative immunological 
procedure in which the extent of an antigen-antibody 
reaction is evaluated by an enzyme reaction.
3.2.2 Enzyme Linked Immunosorbent Assay (ELISA)
Specific antigen attached 
to solid phase.
Specific antibodies bound
Enzyme labelled
anti-immunoglobulin bound
Enzyme substrate added and 
incubated. Under standard 
conditions the enzyme 
activ ity measured is 
proportional to the amount 
of specific antibody in the 
original serum.
Figure 3-1 Indirect method of enzyme immunoassays
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This procedure is  based on the use of an enzyme as a label 
for antigens or antibodies (Berson et a l . ,  1956) . The f irs t  
ELISA was described by Engvall and Perlmann (1971) and Van 
Weeman and Schuurs (1971) working independently. Performing 
an ELISA commences with the immobilisation of a specific 
antigen to a solid phase. Adsorption of the antigen or 
antibody occurs as a result of hydrophobic interactions 
between non-polar protein residues and non-polar plastic 
matrix. Covalent interactions are not involved (Walker and 
Gaastra, 1987). Sera containing antibodies derived from an 
immunised animal are incubated with the immunogen on the 
solid phase. Specific antibody molecules w ill bind to the 
antigen while unbound materials are washed away. The bound 
antibody is  subsequently quantitated by the addition of a 
second antibody carrying an enzyme. Upon addition of the 
substrate to the enzyme a chromatic product may be formed 
which can be quantitated. The amount of colour produced is 
a measure of the amount of an enzyme present which is 
proportional to the amount of specific antibody present in 
the original serum. Acetylcholinesterase, S-D- 
galactosidase, glucose oxidase, lactate dehydrogenase, 
lactoperoxidase, glucoamylase, alkaline phosphatase (AP) 
and horseradish peroxidase (HRP) are some of the enzymes 
that have been used as labels. HRP u tilises hydrogen 
peroxide as a substrate and tetramethylbenzidine (TMB), o- 
phenylene diamine (OPD) and azino- (3-ethyl) -benzo-sulphonic 
acid (ABTS) as chromogens. TMB and ABTS were used in the 
current study.
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The production of antiserum refers to the immunisation of 
an animal with an appropriate immunogen in order to obtain 
a supply of antibodies against the immunogen. These 
antibodies are recovered by collecting blood from an 
immunised animal. Depending on the mode of preparation, 
antibodies are classified as polyclonal or monoclonal. 
Antibodies derived by immunisation of the animal with an 
immunogen are referred to as polyclonal, in deference to 
their origin from a heterogeneous mixture from many clones 
of B-lymphocytes within the immunised animal. The 
limitations of polyclonal antibodies are that the antiserum 
contains a complex mixture of antibodies with differing 
specificities, a ffin itie s  and isotypes. The observed 
response may therefore not only be against the immunising 
antigen, but also antibodies against other environmental 
antigens to which the animal may have been exposed. 
Monoclonal antibodies, on the other hand, are of single 
isotype, specificity and a ffin ity . The technology of 
producing monoclonal antibodies is based on that developed 
by Kohler and Milstein (1975) . In essence, monoclonal 
antibodies are obtained by fusing two types of cells with 
polyethylene glycol (PEG), a splenic antibody secreting 
ce ll from the immune system, and a long lived cancerous 
immune cell, into a hybrid ce ll or hybridoma. As the 
specificity of these monoclonal antibodies is  restricted to 
a single antigen determinant or epitope, they are more 
specific than polyclonal antibodies. However, in terms of
3.2.2.1 Production o f antiserum
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routine ELISA the polyclonal antibody is often preferred. 
The antibodies produced in this project were polyclonal.
3.2.2.2 Animal species selection for immunisation
High a ffin ity  antibodies of appropriate specificity can be 
produced in theory from most animals including rabbits, 
guinea pigs, sheep, goats, chickens, donkeys and horses. 
Rabbits are easy to care for, robust and can be bled easily 
and are therefore frequently the animal of choice. Albino 
rabbits were used in this project.
3 .2 .2 .3 Adj uvants
There are no methods of immunisation that are guaranteed to 
provide the right result; molecules d iffer in 
immunogenicity and animal species vary in their response. 
Certain practices are known to influence the response in a 
universal manner, however. Prior to injection of the 
animal, the antigen is normally emulsified in an adjuvant 
to enhance the humoral response. The most popular 
adjuvants, are those developed by Freund, which are 
emulsions of an antigen water solution (Dalsgaard and Van 
Slow, 1987). Freund's Complete Adjuvant (FCA) contains 
k illed  heat M y c o b a c t e r i u m  t u b e r c u l o s i s  and is used mainly 
for the primary immunisation of the animal. For second 
immunisation (boosting), Freund's incomplete adjuvant 
(FIA) , that is without m y c o b a c t e r i a  is employed. The 
function of the emulsion is to ensure slow dissemination of 
the immunogen into the systemic circulation and continuous
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stimulation of the reticuloendothelial antibody production 
system. The inclusion of bacteria in the f ir s t  injection 
also stimulates humoral response (Teala, 1988).
3.2.2.4 Booster injection
Researchers d iffer in their opinion regarding booster 
injections. Some recommend that i f  the f ir s t  injection has 
been given in FCA, the booster should only be given in FIA 
to avoid hypersensitivity reactions (Goding, 1986). Others 
report no adverse reactions with repeated use of FCA (Hurn 
and Chantler, 1980). Many authors have reported that the 
frequency of injections in immunisation schedules is 
dictated by the urgency of the response. The quicker i t  is  
required the more regular the boosting. However, 
qualitatively and quantitatively, booster injections induce 
an efficient antibody response only when the circulating 
antibody level remaining from the previous immunisation has 
fallen to a steady level (Morris, 1985; Paraf, 1991).
3.2.2.5 Dosage
Although there is no direct relationship between the size 
of animal and the quantity of immunogen required (Muller,
1988), antigen injection is normally administered in 
microgram quantities (Teala, 1988) . Doses of 10-100+g 
dispersed in 0.5-2ml aliquots are commonly used.
3.2.2.6 Routes of immunisation
The most common routes of immunisation include:
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intramuscular, subcutaneous and intradermal. Intramuscular 
routes are preferred when an emulsified immunogen is used. 
Subcutaneous injection is  often applied for booster doses 
since absorption into the circulation is slow by this 
route. Stimulation brought about by an intradermal route of 
injection is  slower in stimulating the immune system. An 
added advantage of this route is that the dose used is 
smaller, thus conserving immunogen (Teala, 1988).
3.2.2.7 Non-specific adsorption
One problem encountered in ELISA techniques is non-specific 
binding (Engvall and Perlmann, 1972; Kemeny and Chantler,
1989) . Antibodies may bind not only the specific antigen or 
antigen-antibody complex but also to the solid phase by 
simple passive diffusion (Walker, 1987) . This non-specific 
binding is controlled by the addition of blocking agents to 
diluents and washing buffers. The rationale is that the 
blocker reagent w ill f i l l  the remaining sites on the solid 
phase, thus inhibiting the non-specific binding of the 
subsequent reagent. BSA is the most widely used material at 
concentrations ranging from 0.1%-2% (w/v). However,
commercial preparations of BSA contain variable amounts of 
bovine IgG (Offit et a l .. 1984). Detergents such as Tween- 
20, usually at 0.05% (Engvall and Perlmann, 1972) and 
Triton X-100 (Hatfield et a l ., 1987; Suelter and Deluca,
1983) have also been employed. The detergents prevent new 
hydrophobic interactions between added proteins and the 
solid phase without disrupting to any extent the
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hydrophobic bonds already formed between the previously 
adsorbed protein and plastic (Walker, 1987) .
3.2.2.8 Antigen incubation
The length of incubation is partia lly dependent on the 
in it ia l antigen protein concentration. Pesce e t  a l . (1972)
compared the percentage adsorption of total protein to 
polystyrene tubes. When coated with 5/ig and lOng of antigen 
for 5 minutes, 50% and 7% of total protein were adsorbed 
respectively.
3.2.2 . 9  Assessment of antisera
The most important properties of an antiserum are titre , 
avidity and specificity. The t itre  is a measure of antibody 
content. The avidity is  a measure of the energy of binding 
between antigen and antibody and influences the sensitivity 
of an assay. The specificity relates to the ab ility  of the 
antiserum to bind to its  antigen compared to other antigens 
(Teala, 1988). The titre  can be determined by means of an 
antiserum dilution curve (Morris, 1985). It is  arb itrarily  
defined as that dilution of the antiserum which binds 50% 
of the antigen (Morris, 1985). The antigen is bound to the 
plate so that i t  is present in excess quantity. Then 
increasing dilutions of rabbit anti-protein, bound rabbit 
antibodies are detected by adding an enzyme-labelled anti- 
rabbit antibody. The amount of enzyme label bound is in 
turn detected by the addition of a substrate which gives a
9 6
product with a distinct absorbance. The absorbance due to 
bound antiserum is plotted against the dilution of the 
antiserum. A sigmoid curve is  produced, showing highest 
binding with the most concentrated dilutions of antiserum 
and the lowest binding at the highest dilution. A line is 
drawn parallel to the x-axis from the point which 
represents 50% of the maximum antiserum. The point where 
this line intersects with the dilution curve is  the titre  
of the antiserum.
3.2.3 Western blot technique
This technique involves the detection of proteins 
immobilised on a matrix (Towbin, 1979) and this is what 
differentiates i t  from an ELISA. In essence, proteins are 
separated by SDS-PAGE under denaturing conditions and then 
transferred to a sheet of nitrocellulose paper (NCP). The 
binding of antibodies to the separated proteins is then 
visualised on the nitrocellulose by the use of enzyme- 
linked antispecies antibodies. The potential disadvantage 
of this technique is  that some epitopes may be destroyed by 
denaturation of the protein during the SDS-PAGE, the 
advantage is that antibodies bind to a specific antigen 
protein which rules out non-specific binding found in 
relatively crude antigen preparations.
Protein transfer from SDS gel to NCP
This should be viewed as an operation involving two 
sequential steps: the elution of polypeptide from the gel
9 7
and the adsorption of the eluted polypeptide to the 
immobilised matrix. The most widely used procedure for the 
protein transfer is based on electroelutions of the protein 
from the SDS gel (Bittner et a l . ,  1980; Stellwag and 
Dahlberg, 1980) . This is made possible by the fact that 
proteins adsorb to NCP. The addition of methanol to the 
transfer buffer has its  advantages and disadvantages. It 
tends to increase the binding capacity of the NCP for 
protein and stabilises the geometry of the gel during 
transfer (Burnette, 1981; Gershoni and Palade, 1982). In 
the absence of. methanol, gels tend to swell in low-ionic 
strength buffer leading to band distortion. However, 
methanol does reduce the elution efficacy of proteins from 
the SDS gel (Gershoni and Palade, 1982; Nielsen e t  a l . ,  
1982) especially those of high molecular weights («=100kd) 
(Burnette, 1981) .
3.3 EXPERIMENTAL
3.3.1 Materials
The materials used for the Kjeldahl method (Section 2.1.1), 
Lowry (1951) (Section 2.2.1), Bradford method (1976) 
(Section 2.2.2); for the sarcoplasmic proteins, salt 
extractable proteins and total myofibrillar extraction 
(Section 2.6); myosin and actin extraction and 
purifications by gel f iltra tion  chromatography (Section 
2.7).
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Fish samples; Cod ( G a d u s  m o r h u a )  was obtained from a local 
supermarket. M e r l u c c i u s  c a p e n s i s  and 
M e r l u c c i u s  p a r a d o x u s  were a g ift from Mr. 
Bastos, Director, Cadilu Fishing (Pty) Ltd, 
Walvis Bay, Namibia.
The following materials were used for the ELISA and Western 
Blot techniques:
Isopropanol, acetic acid, methanol, dimethylsulphoxide 
(standard grade) obtained from Fisons Scientific Equipment. 
Triton-XlOO, Tween 20, BSA, 3 ,3 ',5 ,5 ',-tetramethylbenzidine 
(TMB), sodium dodecyl sulphate, tris-(7~9)~ 
(Tris(hydroxymethyl)aminomethane, formaldehyde were 
obtained from Sigma Chemical Co. Ltd. Sodium carbonate, 
sodium hydrogen carbonate, c itr ic  acid, disodium hydrogen 
phosphate (anhydrous), sodium dihydrogen phosphate, 
potassium dihydrogen phosphate, glycine, sulphuric acid, 
hydrogen peroxide, gelatine, glycine were a ll "Analar" 
grade from BDH Laboratory Supplies, Merck Ltd. [2,2'-azino 
bis (3-ethyl-benzthiazoline sulfonic acid)] ABTS was 
supplied by Boehringer Mannheim Gmbh, Johannesburg, South 
Africa. Nitrocellulose membranes (BA85 pore size 0.45 /xm) , 
were manufactured by Serva Feinbiochemica Heidelberg N.Y. 
4-Chloro-l-napthol was from E. Merck Darmstadt. Peroxidase 
conjugated swine immunoglobulins to rabbit - IgG were 
obtained from Dako-Immunoglobulins, Denmark.
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3.3.2 Reagents for the ELISA technique 
Coating buffer (0.05M)
Carbonate/Bicarbonate (0.05M) in d is tilled  water, (pH 9.6) 
stored at 4°C for less than a week.
Diluent buffer (0.01M)
Phosphate Buffered Saline (0.01M) [pH 7.4] plus Tween-20 
(0.05% v/v) and stored at 4°C for no longer than two weeks.
Wash buffer (0.002M)
Phosphate buffered saline (0.002M), (pH 7.4) plus Tween-20 
(0.05% v/v) . Stored at room temperature for no longer then 
one week at 4°C.
Substrate buffer (0.05M)
Sodium Citrate/Citric acid (0.05M) [pH 4.5] stored at 4°C. 
Stopping solution (4% w/v)
Sodium dodecyl sulphate (4% w/v) was prepared and stored at 
room temperature for not more than a week.
3.3.3 Reagents for western blot technique 
Transfer buffer
- contained Tris (20mM), glycine (150mM), methanol (20% 
v/v) and was made up to 3 litre s  with d is t ille d  water; pH
8.1 - 8.4 without adjustment.
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Wash buffer
PBS (Phosphate buffer saline) containing NaCl (80g), KH2P04 
(2g) , Na2HP04 (29g) and KC1 (2g) .
Blocking solution
PBS (110ml), 11 g BSA (1%), 2.2 ml Triton (0.'2 %) was made 
to 1100 ml with d is t ille d  water.
Substrate solution (developing reagent)
Chloronapthol (3 0mg) was dissolved in 10 ml methanol and 
made up to 50 ml with TBS buffer followed by hydrogen 
peroxide { 3 0 p i )  .
3.3.4 Amido Black staining of the nitrocellulose membrane 
for total protein
The sensitivity of Amido black stain is known to be about 
30ng per band (Bers and Garfin, 1985).
Staining solution
Amido black 10B (0.1% w/v), isopropanol 25% (v/v), acetic
acid 10% (v/v).
Destaining solution
Isopropanol (25% v/v), acetic acid (10% v/v).
Wash buffer
Tween 20 (0.5% v/v) in PBS buffer.
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3.3.5.1 Calibration curves for the Bradford (197 6) and 
Lowry (1951) techniques
The standard curves for Lowry (1951) and Bradford were 
prepared as shown in Sections 2.2.1 and 2.2.2 respectively 
using BSA as a standard protein. In it ia lly  six standard 
calibration curves for each method were prepared.
3.3.5.2 Extraction of sarcoplasmic and salt extractable 
proteins and determination of protein content
The salt extractable proteins and sarcoplasmic proteins 
were prepared according to Sections 2.6.2.1 and 2.6.2.2 
respectively. The optimum time for the extraction of both 
the sarcoplasmic proteins and salt extractable proteins was 
established. For the salt extractable proteins fish muscle 
was extracted three times after 5, 10 and 15 minutes and 
the protein determined at each extraction time according to 
the method of Lowry (1951) .
3.3.5.3 The Kjeldahl procedure for crude protein 
determination
The determination of total protein content of cod { G a d u s  
m o r h u a ) muscle was performed according to Section 2.1.1.3 
The Kjeldahl method was also assessed for its  su itab ility  
for the determination of salt extractable protein content 
and water soluble proteins from cod ( G a d u s  m o r h u a ) .
3.3.5 Methods
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3.3.5.4 SDS-PAGE separation of the sarcoplasmic and salt 
extractable proteins from, cod ( G a d u s  m o r h u a )  and 
hake (M. c a p e n s i s  a n d  M. p a r a d o x u s )
Salt extractable and sarcoplasmic proteins were extracted 
from cod ( G a d u s  m o r h u a )  muscle according to methods 2. 6.2.1 
and 2.6.2.2 respectively. For hake (M. c a p e n s i s  a n d  M.  
p a r a d o x u s ) only sarcoplasmic proteins were extracted. An 
aliquot from these protein fractions was analysed by SDS- 
PAGE (Laemmli, 1970) using a gradient gel (5-20%) according 
to method 2. 3.4.2.
3.3.5.5 Myosin and actin extractions
It was decided as an in it ia l step to evaluate various 
reported methods with the intention of adopting the one 
that would give reasonable results in a rapid and 
reproducible manner. Two methods were employed for the 
preparation of myosin (see Section 2.7) . An additional step 
was included at the beginning of the extraction which 
involved washing of the muscle tissue 6 times with 
d is tilled  water (4°C) and centrifuging at 5000rpm for 10 
minutes. Actin was also prepared by two methods (see Figure
2-1 and Section 2.7).
3.3.5.6 The purification of myosin and actin by gel 
f iltra tion  chromatography
Following the extraction of myosin or actin, the protein 
solution (1.5ml) was loaded onto a Sephadex G-200 column
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previously equilibrated with the eluent buffer 0.5M KC1, 
20mM Tris-HCl (pH 1 . 2 ) ,  0.01M sodium pyrophosphate with
0.1% (w/v) sodium azide as a bacteriostatic agent at 4°C. 
The flow rate was 10ml/hr, 3ml fractions were collected and 
the p ro te in  concentration was determined 
spectrophotometrically at 280nm using the eluent buffer as 
a blank. Aliquots of 0.5ml were used for the determination 
of myosin-ATPase activ ity (see Section 2.8) and compared 
with the activ ities obtained at stages 4 and 8 (Figure 2-1)
Assessment of protein purity
The purity of the myosin and actin extracts was assessed at 
each stage by SDS-PAGE on a linear gradient slab gel (5-20% 
acrylamide) or continuous gel, according to the method of 
Laemli (1970). Protein solutions ( 2 0 p l )  were loaded per 
well. Molecular weight standards were rabbit myosin 
(200kD), £-galactosidase (116.25kD), phosphorylase B 
(92.5kD) bovine serum albumin (66.2kD), egg albumin (45kD), 
carbonic anhydrase (31kD), and soybean trypsin inhibitor 
(21.5kD). The molecular weight standards were stored in a 
freezer at -18°C.
3.3.5.7 Production of antibodies against a sarcoplasmic 
protein (approximately 19kD) from M.  c a p e n s i s
The two Namibian species (M. c a p e n s i s  a n d  M. p a r a d o x u s ) 
were identified by their SDS-PAGE sarcoplasmic protein 
pattern on the SDS-PAGE gel previously described in Section 
3.3.5.4. A band (approximately l9kD) belonging to M.
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c a p e n s i s  was cut out from the SDS gel with a razor blade 
and homogenised. The homogenate was allowed to stand at 4°C 
for 2 hours and centrifuged at 15000rpm for 10 minutes. The 
sample (antigen) present in the supernatant was immediately 
used for the immunisation of two rabbits as outlined below.
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Figure 3-2 Experimental plan flow chart for the production 
of polyclonal antibody against a 19kD 
sarcoplasmic protein from M. c a p e n s i s .
1 g Sample 10ml D ist. Water, Homogenised, Centrifuged
SDS-PAGE
Cut band out 
razor
Centrifuged, Bradford
Immunised
Sera collected
Western blot, ELISA
Bradford, protein 
determination
:: Gel f iltra tion  ::
Protein of
interest
isolated.
-Bradford
-Western blot
-ELISA
-SDS-PAGE
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The innoculum was prepared by mixing Freund's Complete 
Adjuvant with a protein aliquot (1:1). A few drops of the 
protein was in it ia lly  added to the Freund's adjuvant with 
gradually mixing with a mixer, to give a thick white water 
in o il emulsion.
Injection of the animals
Two rabbits, a male and a female, were used. The rabbits 
were isolated from the rest of the animals and placed in a 
separate room and allowed to acclimatise to the new 
environment. After one week, 4ml blood was withdrawn from 
each rabbit and was termed "negative serum". Rabbits were 
then given intramuscular injections with a 0.5ml Freunds's 
Complete Adjuvant (BCG) containing the antigen and after 
two weeks the rabbits were bled, 3ml from each rabbit. 
After 4 days, the rabbits were boosted by injecting with 
incomplete Freund's Adjuvant.
Preparation of serum
Blood was allowed to stand at room temperature «25°C for 1 
hour and then incubated at 37°C for 2 hours. The blood was 
held at 4°C for 4 hours and spun at 2500rpm for 20 minutes. 
The pellet was discarded while the supernatant (serum) was 
used for further investigation. Sera from regular bleeds 
over 2 months were tested for the antibody response to the 
protein of interest by an Enzyme Linked Immunosorbent Assay 
(ELISA) as described below (Section 3.3.6) . The fina l serum
Preparation o f Freund's Adjuvant
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was collected and subjected to a Western Blot analysis as 
outlined below (Section 3.3.7).
3.3.6 Enzyme Linked Immunosorbent (ELISA) to screen the 
antibody production against AT. c a p e n s i s  
sarcoplasmic protein (19kD)
3.3.6.1 Assay procedure
The principle of ELISA as described by Voller et a l . (1978) 
was used. ;
Coating of microplates
The antigen (sarcoplasmic protein 19kD) was mixed with 
coating buffer in a ratio (1:1). Microplates were coated 
{ 2 0 0 p i ) , tapped gently to ensure uniform distribution and 
incubated at 4°C overnight.
Addition of test and control sera
Test and control sera were diluted with coating buffer and 
2 0 0 p l  was added to the microplates. The plates were tapped 
gently to ensure homogeneity and incubated at 37°C for 1 
hour with continuous shaking. The contents were discharged 
and the microplates washed three times with wash buffer.
Addition of con-jugate
Secondary antibody ( l O p l )  was diluted in 80ml diluent 
buffer and l O O p l  was added to each well. The microplates 
were incubated at 37°C for 1 hour with continuous shaking.
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Immediately before the end of the conjugate incubation, a 
working substrate/chromogen was prepared sufficient for the 
number of microplates. For 1 plate, 300/xl of chromogen 
stock (ATBS) and 200/xl of substrate stock (hydrogen 
peroxide) and substrate buffer (40ml) were mixed. This 
represented a ImM ATBS and 4.4mM hydrogen peroxide 
solution. Immediately after washing (three times), 
substrate chromogen (200/il) was added to the wells and 
incubated at 37°C for 10 minutes. The reaction was stopped 
by the addition of 200/xl stopping solution (SDS) [4% w/v] . 
The microplates were briefly shaken to ensure thorough 
mixing.
Measurements of substrate development
The plates were read spectrophotometrically (in an ELISA 
reader) at 405nm.
3.3.7 Western blot of the AT. c a p e n s i s  19kD sarcoplasmic 
protein
Sera were collected from animals after 3 weeks boosting and 
subjected to a Western Blot analysis essentially as 
described by Towbin et a l. (1979) . An SDS-PAGE gradient gel 
(5-20%) was prepared as described above (Section 2.3.4.2). 
Two gels were prepared; one was stained using Coomassie 
blue R-250 immediately after the electrophoresis separation 
and the other used for immunoblotting. Following 
electrophoretic run, the gel was soaked in transfer buffer
Addition of substrate/chromoqen and stopping solutions
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for 1 hour at room temperature. The buffer contained.
methanol to improve absorption of the protein to the
nitrocellulose (Gershoni and Palade, 1982) and to prevent
gel swelling (Bers and Garfin, 1985).
3.3.7.1 Arrangement of the polyacrylamide gel membrane 
sandwich for electrotransfer
1. The transfer buffer was placed in a tray previously 
rinsed with d is tilled  water.
2. The fibre pad was soaked in transfer buffer and 2 
sheets of Whatman 3MM paper (8x10cm) placed on the fibre 
pad.
3. Using gloves, the gel was placed on a wet f i lt e r  paper 
and a ir bubbles were removed by ro lling a small test 
tube over the sandwich.
4. A wetted sheet of nitrocellulose membrane was gently 
laid onto the gel using tweezers.
5. Two wetted sheets of Whatman 3MM paper were placed over 
the nitrocellulose membrane. A ir bubbles were removed as 
in step 3.
6. A second soaked fibre pad, was placed onto the sandwich 
and the transfer cassette closed. The whole assembly was 
placed in the electrode buffer tank, keeping the grey 
side of the cassette on the same side as the grey part 
of the electrode assembly.
7. The buffer tank was f il le d  with transfer buffer.
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Electrotransfer procedure
The power supply was set at a constant voltage (60V) , while 
current (A) was turned to maximum and the transfer was 
performed for 1 hour.
Immunodetection 
Blocking membrane
The transfer apparatus was disconnected and the 
nitrocellulose membrane placed in a small container 
containing blocking solution to cover the membrane. The 
container was put on a shaker and shaken gently for 1 hour.
F irst nitrocellulose membrane wash
The blocked membrane was rinsed in blocking solution for 15 
minutes with three changes.
Application of primary antibody
The primary antibody (serum l O O p l )  was diluted in 100ml 
blocking buffer and added to a nitrocellulose membrane in 
a container and shaken for 1 hour.
Second nitrocellulose membrane wash
The primary antibody was poured off and the nitrocellulose 
membrane washed three times for 15 minutes with the 
blocking solution.
I l l
Application of Horseradish-peroxidase conjugated second 
antibody
The sensitivity has been reported to be in the order of 10- 
2 0pg (Bers and Garfin, 1985) . The blocking solution was 
poured off and the second antibody (10+1) was added to 80ml 
blocking solution and the nitrocellulose membrane was 
incubated for 1 hour.
Third nitrocellulose membrane wash
The second antibody solution was poured off and the 
membrane was rinsed for 15 minutes with blocking solution 
with 3 changes.
PBS wash
The nitrocellulose membrane was fina lly  washed in 50ml PBS 
for 5 minutes.
Developing nitrocellulose membrane
Substrate solution was added and the nitrocellulose 
membrane shaken while monitoring the bands' development. 
Development was completed between 5 to 30 minutes. The 
reaction was stopped by the addition of d is t ille d  water for 
30 minutes with 3 changes.
Amido Black staining for total protein on nitrocellulose 
membrane
The nitrocellulose membrane was placed in the Amido black 
staining solution for 1 minute and destained for 30
minutes. The membrane was washed in water before drying 
between sheets of tissue to minimise shrinkage.
3.4 RESULTS
3.4.1 Preparation of BSA standard calibration curves for 
the Bradford (1976) and the Lowry (1951) Methods
The in it ia l experiments involved assessment of the 
linearity of both the Lowry (1951) and Bradford (1976) 
methods using BSA as a standard protein. Six BSA standard 
calibration curves were prepared on different dates. For 
the Lowry determination, the BSA concentration range used 
was 0-120jtxg BSA /ml and 0-500/xg/ml for the Bradford method. 
The linearity of the two methods followed the Beer Lambert 
Law. The linear correlation coefficients were 0.991±0.09, 
n=6 for the Lowry and 0.979±0.12, n=6 for the Bradford
method respectively. Due to the high linear correlation 
coefficients for the two methods the BSA ranges shown above 
were adopted and employed throughout the project.
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Figure 3-3 Calibration curve for the determination of 
protein concentration by the Lowry (1951) method.
Figure 3-4 Calibration curve for the determination of 
protein concentration by the Bradford (1976) method.
3.4.2 Extraction of sarcoplasmic and salt extractable 
proteins and determination of protein content 
according to the Lowry (1951) and Bradford (1976) 
Methods
The optimum time for the extraction of both the 
sarcoplasmic proteins and salt extractable proteins was 
established. For the salt extractable proteins fish muscle 
was extracted three times after 5, 10 and 15 minutes. The 
protein determinations after each extraction were assessed 
by the Lowry (1951) method. The extractable protein
concentrations obtained at 5, 10, and 20 minute incubations 
were 986±0.6 jig/ml, 435+0.78 jug/ml and 76±0.4 j i g / m l  
respectively. Another experiment was conducted for 20 
minutes without the intermediary sampling at 5 and 10 
minutes. The protein concentrations obtained after 20
minute incubations was 1894±0.04jLig/ml n=4, accounting for 
more than 20.96% of the total sum of the protein 
concentration obtained after 5, 10 and 2 0 minutes. A 2 0
minute extraction was therefore adopted throughout this 
project. A similar approach was followed for the
sarcoplasmic proteins. The protein concentrations obtained 
at 5 and 10 and 20 minutes were 795/ug/ml, 390jig/ml and 58 
jtg/ml respectively. Equally, the 20 minute incubation was 
adopted. For both the sarcoplasmic and salt extractable
proteins, the protein concentration was above the BSA 
calibration curve ranges which were 0-120 jig/ml and 0- 
500jrtg/ml for Lowry and Bradford respectively. To solve this 
problem, protein solutions were diluted and the readings
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obtained were corrected fo r  the d ilu tion .
3.4.3 Measurement of fish total nitrogen by the Kjeldahl 
method
The total protein content of cod ( G a d u s  m o r h u a )  according 
to the Kjeldahl method was 17.2%±1.14 n=6. The amount of 
protein in fish muscle is usually between 15% and 20%. 
However, values lower than 15% and higher than 24% are 
occasionally found (Torry advisory note 38, by Murray and 
Burt) . The protein content of cod is reported to be between 
15-19%. The Kjeldahl method was also assessed for its  
su itab ility  for the determination of salt extractable 
protein content and water soluble proteins. The protein 
contents obtained were relatively low, 1.67%±0.42 (n=4) and 
1.24%±0.3 8 (n=4) for salt extractable and sarcoplasmic
proteins respectively. This method was therefore not used 
for liquid samples.
3.4.4 SDS-PAGE separation of the sarcoplasmic and salt 
extractable proteins from cod ( G a d u s  m o r h u a ) and hake 
(M. c a p e n s i s  a n d  M. p a r a d o x u s )
Plate 3-1 shows a photograph of the SDS-PAGE gel containing 
salt and sarcoplasmic proteins from cod ( G a d u s  m o r h u a ) .
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Plate 3-1 Electropherotogram of the separation of salt 
extractable and water soluble proteins from cod 
( G a d u s  m o r h u a )  by SDS-polyacrylamide gel 
electrophoresis (gradient 5-20%) . The numbered 
samples refer to the following: Lane (1) marker 
proteins (2) salt extractable proteins, and 
lane (3) sarcoplasmic proteins.
Plate 3-2 shows the SDS-PAGE pattern of M. c a p e n s i s  and M. 
p a r a d o x u s  sarcoplasmic proteins. Hake species (M. c a p e n s i s
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Plate 3-2 shows the SDS-PAGE pattern of M. c a p e n s i s  and M.  
p a r a d o x u s  sarcoplasmic proteins. Hake species (M. c a p e n s i s  
and M. p a r a d o x u s )  were previously identified by the 
fishermen. No obviously distinguishable difference could be 
observed in the band patterns from the two samples examined 
by SDS-PAGE. To ascertain whether the samples supplied 
belonged to the same species, advice was given to the 
fishermen to catch fish at different locations. The depth 
criteria was not used since not many fishing boats use the 
depth (700nm-8 00nm) where M. p a r a d o x u s  is  thought to be 
found in large quantity.
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Plate 3-2 Electrophoretogram of the separation of 
sarcoplasmic proteins from M. c a p e n s i s  and M. 
p a r a d o x u s  by SDS-polyacrylamide gel 
electrophoresis (gradient 5-20%) . The numbered 
samples refer to the following: (1) M. c a p e n s i s  
(15/xl) , (2) M. c a p e n s i s  (20/xl) (3) M . p a r a d o x u s
(15/xl) (4) M. p a r a d o x u s  (20/xl) .
Plate 3-3 Electrophoretogram of the separation of 
sarcoplasmic proteins from M. c a p e n s i s  and M.  
p a r a d o x u s  by SDS-polyacrylamide gel 
electrophoresis (5-20%). The numbered samples 
refer to the following: (1) Standard marker
proteins (2) M. c a p e n s i s  (3) M. c a p e n s i s  (4) M.  
p a r a d o x u s  (5) M. p a r a d o x u s .  A difference in a 
19kD band in the M. c a p e n s i s  was observed.
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3.4.5 Myosin and actin preparations
Over the years, many procedures have been employed for the 
purification of myosin and actin. It was decided as an 
in it ia l step to evaluate various reported methods with the 
intention of adopting the one that would give reasonable 
results in a rapid and reproducible manner. For myosin, 
methods (see Sections 2.7.2.1 and Figure 2-1 for details) 
were investigated and for actin method (see Figure 2-1 and 
Section 2.7.2. 2) . The protein concentration for both myosin 
and actin was determined at different stages of 
purification (Bradford, 1976) . Myosin concentrations were 
in the ranges of l-3.2mg/ml, 0.9-l.lmg/ml and 0.6-lmg/ml 
for stages 2, 6 and 8 respectively. The Myosin ATPase
activ ity was 0.39-0.5, nmole Pi/min/mg protein at stage 2 
and 0.65-1.2 at stage 8. Actin concentration was 0.05- 
1.5mg/ml and 0.02-0.07mg/ml at stages 2 and 3 respectively.
3.4.6 Purification of myosin and actin by gel f iltra tion  
chroma tography
Myosin and actin were further purified by the use of a gel 
chromatography technique (Section 2.7) . After elution from 
the column, solutions were centrifuged at 5,000rpm for 20 
minutes and the protein content estimated at 280nm. Figure
3-5 gives the myosin and actin elution patterns from 
Sephadex G-200 column with 0.5M KC1, Tris-HCl and 0.01M 
sodium pyrophosphate and 20mM S-mercaptoethanol. Sodium 
pyrophosphate was included in the eluent buffer to help
120
solubilise myosin. This was based on the work by Brahms and 
Brezner (1961) who demonstrated that myosin was soluble in 
polyphosphates at low ionic strength (Sharp, 1992). Myosin 
was eluted in the void volume (60ml-96ml) . Small peaks 
appeared before and after the main peak of myosin. Actin 
was eluted in a fraction which was 174-213ml with maximum 
absorbance at 192ml. The main peak was broader than 
expected for a homogenous protein.
m y o s i n
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Figure 3-5 Separation of cod ( G a d u s  m o r h u a ) myosin and 
actin by gel f iltra tion  chromatography on 
Sephadex G-200 (buffer: 0.5MNaCl, lOmM sodium 
pyrophosphate, 20mM £-mercaptoethanol, 20mM 
Tris-HCl (pH 7.2) containing sodium azide 
(0.1%) as a bacteriostat; flow rate 10ml/hr; 
temperature 4°C; absorbance 280nm).
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Plate 3-4 Electrophoretogram of Atlantic cod ( G a d u s  
m o r h u a )  myosin separated by gel filtra tion  
chromatography on Sephadex G-200 (buffer: 0.5M 
NaCl, lOmM sodium pyrophosphate, 20mM Tirs-HCl 
(pH 7.2), 20mM mercaptoethanol, sodium azide 
(0.1%), flow rate 10ml/hr; 4°C.
A marker proteins, B myosin, Q myosin after
gel f iltra tion  Q crude myosin
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Plate 3-5 Electrophoretogram of Atlantic cod (Gadus 
morhua) actin separated by gel filtra tion  
chromatography on Sephadex G-200 (buffer: 0.5M 
NaCl, lOmM sodium pyrophosphate, 20mM Tirs-HCl 
(pH 7.2), sodium azide (0.1%), flow rate 
10ml/hr; 4°C.
A marker proteins B actin C  crude actin
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3.4.7 Characterisation of the myosin and actin fractions
For myosin, fractions between volumes 60-96ml were pooled 
and for actin (174-213ml). Identification was accomplished 
by the use of SDS-PAGE gradient gel (5-20%) and enzymatic 
properties by measuring myosin ATPase activity. On SDS-PAGE 
gel, myosin appeared as a heavy chain subunit 200kD and 
three light chains of 25kD, 18kD and 15kD respectively 
(Plate 3-4A) . However, with the inclusion of 20raM £- 
mercaptoethanol and 1M urea in the eluent buffer for gel 
f iltra tion  chromatography, a single heavy chain myosin band 
was obtained (Plate 3-4B). Actin on the other hand appeared 
as a single band 42kD (Plate 3-5) . The concentration of 
myosin from the column was in the range 0.06-0.09mg/ml. To 
concentrate the protein, the solutions were placed in 
dialysis tubes and the outside of the dialysis bags 
sprinkled with Aquacide. The specific activ ity for purified 
myosin fractions was 4.9xl0"3 +mole Pi/min/mg.
3.4.8 Assessment of the polyclonal antibody production in 
rabbits against a 19kD protein (from M. c a p e n s i s )  
extracted from SDS-gel by the use of ELISA
The in it ia l experiment was to prepare seria l dilutions 
(1/200, 1/400,1/800 and undiluted sera of the primary
antibody (serum) in order to establish the suitable 
dilution to be used during subsequent experiments. A 1/200 
dilution was adopted. A low response was found for the 
f ir s t  and second bleed. The f ir s t  bleed refers to the sera 
obtained after 3 weeks of immunisation and the second bleed
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to the sera from animals boosted after two weeks of f irs t  
bleed. For the f ir s t  bleed, the absorbance response (405nm) 
was 0.091 and 0.120 for the female and male rabbits
respectively. The readings from the unimmunised animals 
were 0.04 and 0.042 for the female and male rabbits
respectively. After boosting the ELISA readings increased
to 0.110 and 0.124 for female and male rabbits 
respectively.
3.4.9 The use of Western blot technique to assess the
polyclonal antibody production in rabbits against a 
19kD protein (from Af. c a p e n s i s )  extracted from SDS- 
gel
The sera obtained from rabbits originally injected with 
Complete Freund's adjuvant (Section 3.3.5.7) and bled after 
3 weeks was not used in this study. Instead, the serum from 
rabbits boosted with incomplete Freund's adjuvant after the 
f irs t  bleed was used. When the nitrocellulose was developed 
no band development was observed.
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During this project, estimation of protein content from gel 
f iltra tion  column fractions was successfully performed at 
2 80nm. The main disadvantage of this approach is  the 
presence of many interfering substances encountered in the 
buffers, particularly those containing purine and 
pyrimidine rings such as nucleic acids and nucleotides. 
This was however solved by the use of the eluent buffer as 
a blank. It should be stated that this method is not 
s tr ic t ly  quantitative since i t  is  based on the strong 
absorbance of tyrosine, tryptophan and phenylalanine. In 
the absence of these amino acids, the absorbance readings 
w ill be low. This technique is also relatively 
insensitive. Its sensitivity is variously reported to be in 
the range of 50-2000£ig/ml (Harris, 1987) . The advantage of 
this method was that i t  was rapid and non-destructive.
The Bradford and Lowry methods were used interchangeably 
for the determination of protein. This was due to the fact 
that both suffered from disadvantages due to interfering 
substances. The Bradford method was preferred due to its  
numerous practical advantages over the Lowry method. The 
reagent was simple to prepare, the colour developed rapidly 
and was stable. Incontrast, for the Lowry method the rate 
of reaction was relatively slow and the copper 
sulphate/sodium tartrate was unstable. It could only be 
stored at room temperature for a week before a precipitate 
was formed. This required the preparation of this reagent
3 . 5  D I S C U S S I O N
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after each week and new Folin Ciocalteau reagent to be 
prepared daily before the experiment. The Bradford method 
working buffer was stored for more than a month at room 
temperature with l i t t le  variation, 465nm±0.24. The Lowry 
procedure involved two steps, whilst the Bradford assay was 
a single step requiring 15 minutes. The Bradford method is 
less prone to interfering compounds than the Lowry 
technique. A l is t  of 61 chemicals that do not affect the 
assay has been published ("Bio-Rad Protein Assay", 1979) 
compared to a compilation of 37 common compounds (Thorne, 
1978) that interfere with the Lowry assay. Only detergents, 
such as SDS and Triton 1% (w/v) and ampholine 1%, interfere 
with the Bradford method. But this concentration is too 
high compared to the concentrations of Triton X-100 used 
during these experiments. Substances interfering with the 
Lowry method include detergents, amino acid derivatives, 
buffers, amino acids, drugs, lip ids, sugars, nucleic acids, 
salts, and sulphydryl reagents (Bollag and Thorne, 1978) . 
The Bradford method also suffered from disadvantages which 
should not be overlooked. Recently Kirazo (1993) has 
reported that the Bradford method underestimates the 
content of membrane bound proteins. Many proteins w ill not 
dissolve properly in the acidic reaction medium. The other 
disadvantage of the Bradford assay, although less serious, 
is the tendency of the protein-dye complex to bind to the 
cuvette's surfaces. This was overcome during this research 
by using disposable cuvettes and re-blanking the 
spectrophotometer between readings.
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Myosin and actin were successfully prepared. Crude protein 
concentrations of actin and myosin were similar to those 
reported for myosin from trout (Buttkus, 1966), and rabbit 
(Sigma C. Ltd, Dorset UK.). The gel f iltra tion  pattern of 
actin and myosin obtained in the current study resembled 
those obtained on DEAE-cellulose by Perry (1960) with KC1 
in Tris pH 8.2 and by Asai (1963) with ATP. The inclusion 
of 20mM S-mercaptoethanol in the eluent buffer led to the 
appearance of a single heavy chain myosin and actin band on 
the SDS-gel. This demonstrated that during column elution 
myosin aggregates were formed which were held together by 
covalent bonds.
Electrophoretic separation of the sarcoplasmic proteins 
(water soluble) from M. c a p e n s i s  and M. p a r a d o x u s
In the in it ia l experiment, no obvious distinguishable 
difference was observed in the SDS-PAGE band pattern of M.  
c a p e n s i s  a n d  M. p a r a d o x u s .  This appeared to contradict 
previous findings by Mackie (1977) who demonstrated that 
the electrophoretic profile of the two Namibian hake 
species (M. c a p e n s i s  a n d  M. p a r a d o x u s )  differed. The fact 
that samples when obtained from a different location i t  led 
to the difference in SDS-PAGE band pattern showed the 
d ifficu lt ie s  involved in the differentiation of these 
species by eye. Furthermore, in view of the fact that the 
SDS-PAGE gel showed only one band difference between the 
two samples demonstrated the biological closeness of these
Mvosin and actin  extraction and pu rifica tion
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two species. The results showed the d ifficu lt ie s  inherent 
in the differentiation of these two closely related fish 
species with certainty based solely on morphological 
features. In a second experiment, when a fish sample was 
caught at a different location the difference in the 
sarcoplasmic proteins between the two hake species could be 
distinguished. The M. c a p e n s i s  contained a band (about 
19kD) which was absent in the M. p a r a d o x u s .  Attempts were 
made to produce polyclonal antibodies against this 19kD 
distinct band isolated from the SDS-gel of M. c a p e n s i s  
sarcoplasmic proteins. Limited results were obtained. The 
The ELISA readings were higher after immunisation compared 
to the unimmunised rabbits indicating a slight positive 
response. However, due to time lim itation and stay in 
Namibia further bleeds could not be made.
Western blotting of the 19kD sarcoplasmic protein
The serum from rabbits boosted with incomplete Freund's 
adjuvant (Section 3.3.5.7) after 3 weeks of f irs t 
immunisation was used for Western Blot analysis. When the 
nitrocellulose was developed no band development was 
observed. In Western blot techniques, the non-response is 
normally attributed to inefficient transfer of the protein 
from SDS gel to nitrocellulose membrane or that the 
antibody/antigen response is very poor. In order to verify 
the efficacy of protein transfer, the nitrocellulose 
membrane was stained for total protein with Amido Black. 
The transfer of the protein of interest was found to be
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complete (figure not shown). Pending further
investigations, the non-response may be attributed to the 
use of chloro-napthol which is less sensitive than 
aminobenzidine chloride which was not locally available. 
However, i t  is  very like ly  that the antibody/antigen 
response was poor and as mentioned above, more time is 
required from injection to allow high antibody production.
3 .6 CONCLUSIONS
Both Lowry and Bradford methods are destructive assays. 
They involve an irreversible denaturation of the proteins. 
Measurement at 2 80nm would be a choice, but due to its  
insensitivity and amino acid composition dependency i t  
would lead to errors i f  i t  were uniquely employed. From the 
literature, there is ample evidence that both methods
suffer from practical disadvantages. The solution possibly 
is to employ the Bradford and Lowry methods simultaneously. 
Recent investigations have centred on finding a substitute 
to these two methods. Solid-phase protein assay (SPA) is 
one of those promising areas (Kloostershuis, 1993). It is 
believed to be 1000 to 10,000 times more sensitive than the
Lowry and Bradford methods. Moreover, the SPA assay has
been found to be suitable for protein quantitation of 
samples containing agents which commonly interfere with 
Lowry and Bradford methods, particularly detergents.
Regarding actin and myosin purification, the main finding
13 0
was that myosin and actin can be prepared from fish muscle 
in a pure form. The chromatographic system using Sephadex 
G-2 00 in the presence of polyphosphate and S~ 
mercaptoethanol should be of general u t i l it y  for further 
studies of myosin and actin. Both as an analytical tool to 
test the purity of myosin and as a preparative method for 
its  further purification.
More time is required to pursue the work started on the 
biochemical differentiation of the two Namibian hake 
species (M. c a p e n s i s  and M. p a r a d o x u s )  . The two Namibian 
hake species are different but closely related.
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CHAPTER 4
CHEMICAL ASPECTS OF INTERACTION OF FISH PROTEINS
WITH FORMALDEHYDE
4.1 AIMS
The aims of these experiments were:
to investigate the effects of formaldehyde on the
sarcoplasmic and salt extractable protein solubility by 
High Performance Liquid Chromatography (HPLC)# 
Isoelectrofocusing (IEF), SDS-PAGE and on the 
measurements of protein concentration;
to elucidate the nature of the bonds formed in the
insoluble protein fractions using various solubilisation 
reagents which differ from each other in their ability 
to cleave cross-bridges;
to investigate the action of formaldehyde on protein 
foaming ability;
to investigate the protective role of sugars, amino 
acids and phenolic derivatives on protein damage by 
formaldehyde;
use ELISA and Western blot techniques in the
investigation of the effect of formaldehyde on the
antigenicity of fish (Gadus morhua) using myosin 
polyclonal antibodies.
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4.2 INTRODUCTION
The principles of SDS-PAGE and IEF were previously outlined 
in Sections 2.3.1 and 2.4.1 respectively. In this section 
only the background information regarding reversed phase 
HLPC, ELISA and Western blot techniques will be provided. 
Protein functional properties, especially solubility and 
protein foaming ability will also be discussed.
4.2.1 Reversed-phase HPLC techniques in protein studies
The pioneering work on the application of HPLC for protein 
separation was carried out by Shechter (1974) . His findings 
demonstrated that lysozome, bovine serum albumin, catalase, 
thyloglobulin and cytochrome c could be separated on a 
Carbowax-20m treated, deactivated Porasil gel by 
adsorption chromatography. HPLC has emerged as an excellent 
tool for application in diverse areas. Separation of 
proteins by the HPLC technique is extensively employed in 
the field of protein analysis. The preference of this 
approach is due to its sensitivity, reproducibility, 
enhanced resolution and rapidity.
Protein separation requires careful selection of the type 
of column packing materials. The commonly used columns for 
protein analysis are packed with silica based materials. 
The most appropriate pore size has been widely investigated 
for some time. The early silica based columns used small 
pore sizes (80-100A) . The advantage of these columns was 
the improved speed of the analysis, sensitivity, resolution
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and reproducibility. Due to their relatively small pore 
size the application of these columns was confined to the 
analysis of low-molecular weight organic molecules. In the 
analysis of macromolecules, high pore sizes (up to 3 00A) 
are preferable. Wilson et al. (1982) made a comparison
between Lichrosorb RP-18 (100A pores) with Aquapore RP-300 
(300A pores). Their findings showed that the latter column 
was notably superior for the chromatography of proteins 
with molecular weights exceeding 15kD. Therefore, the type 
of silica used is as important as the pore size (Pearson, 
1982) .
In reversed phase HPLC (RP-HPLC) separation, proteins are 
adsorbed onto the silica material based on their relative 
hydrophobicity. It is important that the sample does not 
interact too strongly with the reverse phase by either 
hydrophobic or silanol interactions. Therefore, gradient 
elutions rather than isocratic solvents are preferred. The 
gradient elutions involve the gradual increase in organic 
solvent concentration. This serves to continually displace 
molecules from adsorption sites selectively. Acetonitrile 
is by far the most widely used organic solvent for this 
purpose. An ion-pairing reagent (TFA) is used to bind the 
free silanol group, diminishing in that way their 
reactivity towards proteins.
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4.2.2 Protein functionality 
Solubility
Important functional properties of food proteins include 
solubility, foaming, emulsification and gelation (Kinsella, 
1981) . Solubility has been used as an index of the 
functionality of proteins and its applications (Betschart, 
1974) . Furthermore, solubility is perhaps the most 
practical index of the extent to which a protein is 
denatured (Joly, 1965). The most popular test used to study 
the changes that occur in fish during frozen storage is to 
examine the loss of solubility of total fish protein. The 
objective of this experiment therefore was to add 
formaldehyde to the extracting buffer and to subsequently 
determine the degree of insolubilised protein according to 
the Lowry (1951) procedure.
Foaming capacity and stability
Foaming is an important function of proteins in several 
food products, such as cakes, sugar confectionary and 
whipped desserts (Mansvelt, 1970; Dickinson and Stainsby, 
1987; Poole and Fry, 1987; Cheftel, et al. 1989). Foaming 
tests involve the dispersion of a protein in a liquid and 
incorporation of a gas. Numerous factors affect the foaming 
properties of proteins, including protein source, 
concentration, solubility, temperature, salt and sugars 
(Hailing, 1981; Kinsella, 1981). Proteins stabilise foams 
by forming a flexible cohesive film around the air cells 
(Dickinson and Stainsby, 1982; Poole and Fry, 1987).
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Association of the protein molecules involves hydrogen 
bonds, Van der Waal's forces, electrostatic interactions 
and disulphide bonds (Mita et al., 1978). Proteins forming 
films must exhibit a critical balance between their ability 
to engage in limited intermolecular cohesion required to 
form a stable elastic membrane and their tendency to self­
associate excessively which would result in aggregation and 
breakdown of foams. The foamability of a protein depends on 
the rate at which protein molecules diffuse to the 
interface and adsorb, and the ease with which the surface 
denatures (Phillips, 1981). These factors depend on the 
molecular weight, surface hydrophobicity and internal 
bonding of the molecule. Foam theory has been reviewed 
extensively (Mitchell, 1986; Stainsby, 1986; Hailing, 
1981). Kinsella (1981) considered protein solubility to be 
the key prerequisite for foam formation.
The foaming capacity of proteins is influenced by the 
nature of the proteins and prevailing environmental 
conditions. There is a relationship between molecular 
flexibility of proteins, film properties and foam stability 
but no clear relationship has been established to link any 
of these parameters. Less ordered flexible proteins like ot- 
casein rapidly forms films whereas extensively crosslinked, 
stable, compact proteins like lysozyme have limited film 
forming properties (Graham and Phillips, 1979).
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4.3 EXPERIMENTAL
4.3.1 Materials
The materials used for the different techniques employed in 
these studies were outlined previously, SDS-PAGE (Section 
2.3), IEF (Section 2.4) and HPLC (Section 2.9). However, 
for ELISA and Western blot techniques there were variations 
in the materials outlined in Section 3.3.1.
In addition to the chemicals indicated in Chapter 2, the 
following chemicals were used: 3 , 3 ' , 5 , 5 ' , -
tetramethylbenzidine (TMB), sodium dodecyl sulphate, 
guaiacol and horseradish-peroxidase conjugated second 
antibody were obtained from Sigma Chemical Co. Ltd, Poole, 
Dorset. Gelatine, L-tryptophan, starch and sucrose were 
"Analar" grade from BDH Laboratory Supplies, Merck Ltd, 
Lutterworth, Leics. 2-Ethylphenol was obtained from Aldrich 
Chemical Co. Ltd, Poole, Dorset. Sucrose was from Merck 
Ltd, Lutterworth, Leics and sorbitol was from Fisons 
Scientific, England. Nitrocellulose membranes (pore size 
0 . 45jU.) , were manufactured by Schleicher and Schuel and 
supplied by Anderman and company Ltd., Kingston-Upon- 
Thame s, Surrey.
Fish myosin polyclonal antiboddie were raised at the 
University of Surrey.
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4.3.2 Preparation of reagents for ELISA and Western blot 
techniques
The reagents for ELISA and Western blot analysis were 
outlined in Section 3.3.1 and modified as follows.
4.3.2.1 ELISA
- Coating buffer (p H 9.6) (disodium /carbonate buffer)
Disodium carbonate (Na2C03) [5.88g] and sodium hydrogen
carbonate (NaHC03) [3.18g] were dissolved in 500ml distilled 
water and made up to 1 litre.
- Antibody washing buffer (PBS) pH 7.4
NaCl (8g) , KH2P04 (0.2g), Na2HP04 (2.9g) and KC1 (0.2g) were 
dissolved in 1 litre distilled water and store at room 
temperature.
- PBS-GT buffer (PBS-Gelatine/Tween 20)
Tween-20 (0.5ml), Gelatine (lg), 900ml distilled water and 
100ml (10 times PBS).
- Substrate buffer (citrate buffer)
Citric acid (1.166g) and Na2HP04 (1.8g) were prepared in 
distilled water (250ml) .
- Tetramethvlbenzidene substrate (TMB) Stock solution
TMB (20mg/ml) was prepared in dimethyl sulphoxide (DMSO) 
and 100+1 aliquoted into Eppendorf tubes and stored at
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below 0°C until use.
TMB stock (100/xl) , citrate buffer (20ml) and hydrogen 
peroxide (30% v/v) [20pl] .
4.3.2.2 Western blot analysis
The procedure of Towbin (1979) was used as previously 
outlined in Section 3.3.7. The difference was that the 
substrate solution (developing reagent) contained 50mg 
diaminobenzidine chloride instead of chloronapthol. The 
substrate solution was prepared as follows: 100ml 0. 1M 
Tris-HCl (pH 7.5), diaminobenzidine chloride (0.5mg/ml) and 
hydrogen peroxide (40/*l) (0.04%).
4.3.3 Amido Black and India Ink staining of nitrocellulose 
membrane for total proteins 
India Ink
Detection level: 6ng per band (Glenney, 1986) .
Wash buffer
Tween 20 (0.5% v/v) was prepared in PBS buffer.
Staining
India Ink {lOOpl) was added to wash buffer (100ml) .
For Amido black see Section 3.3.7 for details.
- TMB-Substrate working solution (prepared iust before use)
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4.3.4.1 Preparation of myofibrillar proteins for SDS-PAGE 
analysis
Fish myofibrillar proteins were prepared according to 
LeBlanc (1989) (Section 2.6.2.3). The concentration of the 
myofibrillar proteins was determined according to Bradford 
(1976) . In order to study the effects of formaldehyde on 
the myofibrillar proteins, protein solutions (0.2ml) were 
treated with formaldehyde to final formaldehyde 
concentrations of 0.0125mM, 0.125mM, 1.25mM, 12.5mM, 125mM, 
1 2 5 0mM and 2500mM. The samples were stored for two days at 
-20°C. They were then thawed and prepared immediately for 
SDS-PAGE analysis using a linear gradient gel (5-20)% 
according to method (2.3.4.2). The density of the bands 
stained with Coomassie Blue were measured by a Shimadzu CS- 
900IPC Densitometer Scanner (V.A. Howe, Banbury, Oxon) at 
550nm.
4.3.4.2 Investigation of the salt and sarcoplasmic protein 
extractability after addition of formaldehyde to 
the extracting buffers
In order to study the effects of FA on salt extractable and 
sarcoplasmic protein extractability, formaldehyde was added 
to the extracting medium. For salt extractable proteins, 
the method used was that of Dyer (1951) but with minor 
modifications. Fish muscle (lg) was homogenised with 10ml
4.3.4 Method
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formaldehyde concentrations: 0.0001, 0.0008, 0.001, 0.008, 
0.1, 0.15, 0.2 and 0.25% (v/v). The homogenates were then 
incubated at 4°C for 2 hours to allow formaldehyde 
interaction. The homogenates were centrifuged at 4,000rpm 
for 15 minutes. The soluble protein in the supernatant was 
determined according to Lowry (1951).
4.3.4.3 Treatment of the salt and water soluble proteins 
with formaldehyde for HPLC, SDS-PAGE and IEF 
analysis 
Salt extractable proteins
Extraction of the salt extractable proteins was carried out 
according to Dyer (1951) but with minor modifications. 
Sample (lg) was extracted in 10ml sodium chloride (5% w/v) , 
0.02M NaHC03 buffer (pH 7.2) containing formaldehyde ranging 
in final concentrations from: 0.00, 0.0001, 0.0004, 0.0008, 
0.001, 0.004, 0.008, 0.01, 0.1, 0.2, 0.3 and 0.4% (v/v).
The homogenates were centrifuged at 5,000rpm for 15 minutes 
to sediment the insoluble material. The supernatant was 
dialysed against distilled water, at 4°C for 4 hours. The 
aliquots were then analysed by SDS-PAGE and HPLC.
Water soluble protein
The sarcoplasmic proteins were extracted according to 
Section 2.6.2.2. The treatment with formaldehyde for SDS- 
PAGE and HPLC analysis was as outlined.
sodium chloride 5% (w/v) containing the following final
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4.3.4.4 HPLC and SDS-PAGE analysis of the salt and water 
soluble proteins
The salt extractable and water soluble fractions obtained 
above were analysed by HPLC (Section 2.9) and SDS-PAGE 
using a gradient gel (5-20%) according to Section 2.3.4.2.
4.3.4.5 Isoelectric focusing analysis of the water soluble 
proteins
For this technique only the water soluble proteins prepared 
above were used. The fractions analysed were those treated 
with 0.0008, 0.001 and 0.008% (v/v) formaldehyde.
4.3.4.6 Solubilisation of protein pellets (aggregates) 
formed after the addition of formaldehyde using 
different detergents
The concept of 'solubilisation' in this context is defined 
as the amount of protein remaining in the supernatant after 
centrifugation at 10,000rpm for 15 minutes. When protein 
molecules form aggregates, there must be some form of 
cross-bridging which keeps them together. Protein pellets 
obtained in Section 4.2.4.3 were dissolved in 1ml of 
either:
- urea (4M)
- urea (8M)
- SDS (1% w/v)
- £-mercaptoethanol (1% v/v)
- £-mercaptoethanol (1% v/v) + urea (8M)
- £-mercaptoethanol (1% v/v) + SDS (1% w/v)
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- guanidine chloride (6M)
- guanidine <6M) + S-mercaptoethanol (1% v/v) .
The pellets were initially dissolved using a glass stirring 
rod and finally placed in an Ultrasonic bath for 10 minutes 
at room temperature. Shaking was avoided to prevent protein 
foaming. The suspension was left to stand for 1 hour at 4°C 
and centrifuged at 10,000rpm for 15 minutes. Solubilised 
protein was determined according to Bradford (1976). The 
results were expressed as a percentage of the protein in 
the insoluble pellet after addition of formaldehyde (found 
by subtraction).
4.3.4.7 Influence of phenolic compounds, sugars and amino 
acids on the interaction of formaldehyde with salt 
extractable proteins
Numerous chemical additives have been reported to have the 
ability to inhibit freeze toughening of fish (Parkin and 
Hultin, 1982). Among those reported are sodium citrate, 
sodium pyruvate and hydrogen peroxide. Some 
cryoprotectants, particularly sugars and polyalcohols also 
help to improve the water binding capacity of the muscle 
(Fennema, 1973; Park et al. , 1987) . Attempts have been made 
to use sugars especially sorbitol as stabilising agents for 
the maintenance of the biological activity of the 
macromolecules (Gerlsma and Stuur, 1974; Frigon and Lee, 
1972; Arakawa and Timasheff, 1982.). It is, however, not 
known whether these substances interact with formaldehyde
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thus making it unavailable for interaction with proteins 
during the storage of fish.
Treatment of the protein solutions with additives
Stock solutions (0.1%) of tryptophan, guaiacol, 2- 
ethylphenol, sucrose, sorbitol, starch, cysteine and 
trimethylamine (TMA) were prepared in 5% (w/v) NaCl, 20mM 
NaHC03 buffer (pH 7.2) . Each of these solutions (0.1ml) were 
combined with 1ml salt extractable protein solution. After 
10 minutes incubation at 4°C these solutions were treated 
with 0.1ml of the following formaldehyde solutions 
0.00025M, 0.0025M, 0.025M, 0.25M, and 2.5M. The solutions
were incubated for 4 days at -20°C, thawed and subjected to 
SDS-PAGE gradient (5-20%) analysis. The density of the 
bands was measured by a Shimadzu densitometer scanner set 
at 550nm.
4.3.4.8 Effects of formaldehyde on the foaming capacity of 
salt and water extractable proteins
Foam preparation was in accordance with the procedure 
described by Poole (1984); Howell and Taylor (1991). Fish 
muscle (200g) was blended in a Waring blender and 25g of 
the minced fish was incubated with 500ml 5% (w/v) NaCl,
0.02M NaHC03 (pH 7.2) for 4 hours at 4°C. The buffer 
contained the following final formaldehyde concentrations: 
0.0037, 0.0074, 0.0147, 0.0221 and 0.0294% (v/v). After
incubation, air was incorporated by whipping with a Hobart 
food mixer model N50, equipped with D wire loop whip at
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maximum speed for 5 minutes. The readings of drainage, 
total foam volume, foaming capacity and foam stability were 
recorded after each 15 minutes for a period of 2 hours at 
room temperature (about 22°C). The equations for the 
calculations of foaming expansion (FE), foam liquid 
stability (FLS) and foam volume expansion (FVS) are 
indicated below.
[Foam Vol (ml) ] x [Total Vol (ml) - Liquid Drainage (ml) ]
FE (%) =---------------------------------------------------  x 100
Initial Liquid Volume (ml)
[Initial Liquid Vol (ml) - Drainage (ml)3
FLS (%) =   x 100
Initial Liquid Volume (ml)
Foam Vol (ml) after n minutes
FVS (5) =   X  100
Initial Foam Vol (ml)
4.3.4.9 The use of ELISA and Western blot techniques to 
investigate the effects of formaldehyde on the 
fish myosin antibody specificity
Fish myosin and total myofibrillar proteins were prepared 
according Section 2.7 and 2.6 respectively. Myosin and 
total myofibrillar proteins were exposed to varying 
concentrations of formaldehyde to final concentrations of
0.0025M, 0.25M, 2.5M. The solutions were allowed to stand 
at 4°C for 2 hours and frozen to -20°C for 2 days. These 
fractions were then analysed by ELISA and Western blot 
techniques as outlined below. The buffers and reagents were 
described previously in section (Section 4.3.1).
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antibody specificity
An ELISA was essentially used as described by Voller et al.
(1978) :
1. Fish myosin solutions (1.25+g/ml, 2.5+g/ml, 5+g/ml
and 5.3+g/ml) were prepared using coating buffer.
2. Protein solutions (200+1) were added to each well, 
avoiding the outer wells. The plates were placed in 
a container with a moist tissue on the bottom and 
incubated at 4°C overnight (about 10 hours).
3. The plates were washed three times with PBS-GT buffer 
and gently tapped between washes to remove liquid.
4. PBS-Gelatine buffer (PBS-GT) [200+1] was added to 
each well and plates incubated at 37°C for 2 hours.
5. PBS-GT was poured off and plates washed three times 
with the same buffer.
6. Primary antibody dilutions from an immunised rabbit
(1:200, 1:400, 1:800 and 1:1600) were prepared in
coating buffer and 200+1 was applied to the wells. An 
undiluted serum from an immunised rabbit was also 
used for comparison.
7. Plates were incubated for 2 hours at 37°C and washed 
three times with PBS-GT.
8. The secondary antibody was diluted by mixing 10+1 
secondary antibody in PBS-GT (80+1). A volume of 
200+1 was applied to each well and plates incubated 
for two hours at 37°C.
9. The wells were washed three times with PBS-GT and
Investigation of the effects of formaldehyde on myosin
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10. The plates were incubated for 30 minutes at 37°C and 
the reaction was stopped by the addition of 50/xl 
2.5M H2S04. The colour intensity was read
spectrophotometrically at 450nm.
The use of Western blot analysis to assess the specificity 
of mvosin antibody upon treatment with formaldehyde
Myosin, total myofibrillar protein solutions and the pre­
stained molecular weight standards were separated on SDS- 
PAGE gradient gel (5-20%) according to Laemmli's method 
(1970) with modifications according to Hames (1990) . Two 
gels were prepared, one stained using Coomassie blue 
immediately after the SDS-electrophoresis separation and 
the other analysed by Immunoblot analysis essentially as 
described by Towbin et al. (1979).
Staining of total protein on nitrocellulose membrane
Complete transfer of the protein from the SDS gel onto NCP 
was ascertained by double staining with Amido black and 
India Ink. The nitrocellulose membrane was initially 
stained with Amido black as shown in Section 3.3.4 and then 
double stained with India Ink as follows: the
nitrocellulose membrane was washed twice for five minutes 
with Tween 20 (0.5% v/v) in PBS and then stained for 2
hours with India Ink and then destained by rinsing several 
times for five minutes each time with distilled water 
(Glenney, 1986). India Ink due to its high sensitivity was
15O/Ltl substrate applied.
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found to be most appropriate and was therefore adopted as 
the stain of choice during the subsequent studies. India 
Ink depends on the preferential adherence of the colloidal 
carbon particles in the ink to the immobilised protein on 
the filter.
4.4 RESULTS
4.4.1 Separation of myofibrillar proteins by SDS-PAGE
The densitometer scans of the SDS-PAGE gels obtained for 
the separated myofibrillar proteins (i.e. from Gadus 
morhua) exposed to varying formaldehyde concentrations are 
shown in Figure 4-1. As formaldehyde concentrations were 
increased, there was a disappearance of certain protein 
bands as well as appearance of other bands. In general the 
high molecular weight proteins were most affected as they 
dissappeared first compared to the proteins of low 
molecular weight. The changes were observed at formaldehyde 
concentrations between 0.125mM-2500mM.
Figure 4-1 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) total myofibrillar proteins in 
the presence of varying levels of formaldehyde 
(FA) . The numbered samples refer to the 
following: (A) 0. OM FA; (B) 0.0125mM FA; (C)
0.125mM FA; (D) 1.25mM FA; (E) 12.5mM FA; (F) 
125mM; (G) 1250mM; (H) 2500mM
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4.4.2 Effects of adding formaldehyde to the extracting 
solutions on the solubility of salt extractable and 
sarcoplasmic proteins
Figure 4-2 clearly showed that there was a marked decrease 
in the amount of extractable protein following exposure to 
formaldehyde in the extracting medium. At the lowest final 
concentrations of formaldehyde used (0.0001% v/v), there 
was a 2.5% reduction in the salt extractable protein. In 
contrast, at the highest formaldehyde concentration 
employed, there was a drastic decrease of 80% from the 
original protein level. A-similar trend was obtained from 
the treatment of the sarcoplasmic proteins with 
formaldehyde. In general, the effect of formaldehyde on the 
sarcoplasmic proteins was less pronounced compared to the 
salt extractable proteins.
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Figure 4-2 Comparison of percentage reduction of salt and 
water extractable protein for cod (Gadus 
morhua) with increasing formaldehyde 
concentrations.
4.4.3 HPLC and SDS-PAGE analysis of the salt and water 
soluble proteins
The effects of formaldehyde on the salt extractable and 
sarcoplasmic proteins were assessed by HPLC. The HPLC 
profiles of the salt extractable and sarcoplasmic proteins 
are presented in Figure 4-3 and 4-4 respectively.
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are presented in Figure 4-3 and 4-4 respectively. 
Insolubility of the salt soluble proteins analysed by HPLC 
increased as shown by Figure 4-3. An increase in 
formaldehyde concentration to about 0.0008% (v/v) resulted 
in the disappearance of most peaks.
Figure 4-3 HPLC profile of salt extractable proteins for 
cod (Gadus morhua) subjected to varying 
formaldehyde concentrations. (A) untreated (B) 
0.0001% (v/v) FA, where the height of the peaks 
was reduced; (C) 0.0008% (v/v) FA: further
peaks and extra peaks appeared at retention 
time (about 26 minutes); (D) 0.001% (v/v) FA
only two peaks could be detected at about 12 
minutes and 16 minutes.
R e te n t io n  tim e  (m in u tee )
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The sarcoplasmic proteins had a slightly different profile 
(Figure 4-4). As formaldehyde concentration was increased, 
there was a gradual peak broadening and as with the salt 
extractable protein, there was peak disappearance with 
increasing formaldehyde concentration. For the sarcoplasmic 
proteins, no peak could be detected at a formaldehyde 
concentration of 0.1% (v/v) (Figure 4-4G). An unresolved
peak appeared at a retention time of 35 minutes. When the 
run time was extended to 60 minutes the broad unresolved 
peak was eluted between 36-48 minutes (i.e. retention 
time).
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Figure 4-4 HPLC profile of sarcoplasmic proteins for cod 
(Gadus morhua) subjected to varying 
formaldehyde concentrations. (A) Untreated (B) 
0.0001% (v/v) FA where the height of the peaks 
was reduced; (C) 0.0008% (v/v) FA, a shift of
peaks to higher retention times was observed; 
(D) 0.001% (v/v) FA; (E) 0.008% (v/v) FA,
futher reduction in the peak was observed in 
(F) 0.1% (v/v) FA, peak have disappeared. A
peak appeared retention time of 35 minutes; (G) 
run time increased to 60 minutes an unresolved 
peak was detected.
Retention time (minutes)
156
AU
FS
Retention time (minutes)
* Retention time (minutes)
157
AU
FS
Retention time (minutes)
R e te n t io n  tim e  (m in u te s )
158
AU
FS
 
AU
FS
Retention time (minutes)
R e te n t io n  tim e  (m inu teB )
159
4.4.4 Assessment of protein insolubilisation by the use of 
SDS-PAGE
A given protein was judged to be insoluble when it was 
absent from the electrophoretogram. Using this criteria, 
the most reactive proteins were those within the molecular 
weight range of 60kD to 200kD. The least reactive proteins 
in these experiments were actin (43kD) and the components 
below 37. 4kD. In terms of formaldehyde concentration it 
could be seen clearly that the greatest changes in the 
amount of soluble proteins occurred at formaldehyde 
concentrations between 0.0008 to 0.2% (v/v) (Plate 4-1) . At 
these concentrations, large protein complexes which were 
too large to enter the gel were observed on top of the gel.
160
JcD
2 0 5
1 1 6
9 7
6 6
4 5
2 1
2  3 4 5 6 7 8 9
Plate 4-1 Electropherotogram of the separation of salt 
extractable proteins from cod (Gadus morhua) , 
subjected to varying formaldehyde 
concentrations, by SDS-polyacrylamide gel 
electrophoresis (gradient 5-20%) . The numbered 
salt extractable protein samples refer to the 
following: (1) Standard marker proteins; (2)
control; (3) 0.0001% FA; (4) 0.0008% FA; (5)
0.001% FA; (6) 0.008% FA; (7) 0.1% FA; (8)
0.15% FA and (9) 0.2% FA.
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4.4.5 The use of IEF to assess sarcoplasmic protein- 
formaldehyde aggregates
Plate 4-2 showed that as formaldehyde concentration was 
increased, the number of detected protein bands decreased. 
The proteins did not migrate from the application position 
(i.e. cathode). It appeared that the proteins formed 
aggregates which were too big to migrate on the SDS- 
polyacrylamide gel.
Plate 4-2 Electrophoretogram of the separation of
sarcoplasmic proteins subjected to varying 
formaldehyde concentrations, by isoelectric 
focusing. The numbered samples refer to the 
following: (1) pi calibration kit from
standards from Pharmacia; (2) untreated; (3) 
0.0008% FA; (4) 0.001%FA and 0.008%FA. The
arrowhead shows the position of the applicator 
strip.
5  4 3  2 1
t  i
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The pellet which was obtained in method (4.3.4.3) after the 
addition of 0.008% (v/v) formaldehyde was investigated
(Table 4-1). The combination of S-mercaptoethanol 1% (v/v) 
and urea (8M) solution resulted in the greatest 
solubilisation for both the salt extractable and 
sarcoplasmic proteins. SDS (l%w/v) on its own was the least 
effective. The results of 1 % (w/v) SDS in the presence of 1% 
(v/v) S-mercaptoethanol led to a relatively high percentage 
solubilisation for both the salt and sarcoplasmic proteins.
The results obtained from 1% S-mercaptoethanol were 
relatively low in comparison with the value from 8M urea. 
The results obtained with urea (4M) were similar to those 
obtained with 6M guanidine solution.
4.4.6 Protein pellet formation and dissolution
Protein solution jj.g protein/ml
Total protein in supernatant before treatment 
with formaldehyde solution.
1242.5±0.086
Total protein in supernatant after treatment 
with 0.08% formaldehyde solution.
452 . 0±0.062
Theoretical protein precipitated 790.5
Table 4-1 Investigation of the effects of formaldehyde
(0.008% v/v) on the salt extractable proteins. 
The concentrations 0.008% (v/v) formaldehyde
was arbitrarily chosen from the formaldehyde 
levels used in method 4.3.4.3. The' results are 
means of three analyses.
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Solubilising
agent
Protein Content 
(+g/ml)
o>
Insolubilised
%
Resolubilised
4M urea 522.12±0.03 33.97 66.03
8M urea 582 .9±0.06 26.28 73 .72
1% (w/v) SDS 55.98±0.02 92 7 . 08
1% (v/v) E- 
mercaptoethanol
369.99±0.06 53 .2 46.80
1% (v/v) S- 
mercaptoethanol 
+ 8M urea
695 .80±0.09 11. 98 88.02
1% (v/v) E- 
mercaptoethanol 
+ 1% (w/v) SDS
384.2±1.3 51.40 48.60
6M guanidine 525.0+0.55 33 .59 66.41
1% (v/v) E- 
mercaptoethanol 
+ 6 M guanidine
689.46+0.06 12 .80 87 .2
Table 4-2 Investigation of the percentage salt
extractable protein resolubilised after 
dissolution in different reagents. The protein 
insolubilised 790+g/ml (Table 4-1). Results are 
means of three analyses.
Protein Solutions +g protein/ml
Total protein before the addition of 
f ormaldehyde
994.4±0.045
Total protein in supernatant after 
addition of 0.008% formaldehyde 
solution.
172.0±0.096
Theoretical precipitated 822.4
Table 4-3 Investigation of the effects of formaldehyde 
(0.008% v/v) on the sarcoplasmic proteins. The 
concentration 0.008% (v/v) formaldehyde was
arbitrarily chosen from the formaldehyde levels 
used in method 4.3.4.3. The results are means 
of triplicate analysis.
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Solubilising agent Protein Content 
(fig/ml)
%
Insolubi
lised
%
Resolubi
lised
4M Urea 299 . 98±0.24 63 .52 36 .48
8M Urea 375 . 76±0.08 54 .33 45 .67
1 %
Mercaptoethanol
97.90±0.96 88.10 11.90
1 %
Mercaptoethanol 
plus 8 M urea
512.12±0.051 37.73 62 .27
1 %
Mercaptoethanol 1% 
SDS
411.2±0.076 50 50
Table 4-4 Investigation of the percentage sarcop].asmic
proteins resolubilised after dissolution in 
different substances. The protein insolubilised 
822.4/xg/ml (Table 4-1). The results are means 
of triplicates analysis.
4.4.7 Influence of phenolic compounds, sugars, amino acids 
and starch on the interaction of formaldehyde with 
salt extractable proteins
The different compounds assessed, affected the degree of 
protein-formaldehyde interactions to different magnitudes. 
At formaldehyde concentrations of 0.0025M, tryptophan 
(Figure 4-12), sorbitol (Figure 4-9) and cysteine (Figure 
4-8) offered a relatively certain degree of protection of 
the protein insolubilisation by formaldehyde. Sucrose 
(Figure 4-10), guaiacol (Figure 4-6) , 2-ethylphenol (Figure
4-7) were less protective whereas starch (Figure 4-1) and 
the trimethylamine (Figure 4-5) were the least effective. 
The trend was most marked for samples treated with 
trimethylamine compared to the other compounds 
investigated.
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Figure 4-5 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (w/v) trimethyl amine (TMA) and 
varying levels of formaldehyde (FA) as follows:
(1) Control (2) 0.00025M FA; (3) 0.0025M FA;
(4)"0T25M FA (5) 2.5M FA
B a n d  position o n  S D S  gei
Band position on the SDS gel
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Figure 4-6 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (v/v) guaiacol and varying
levels of FA as follows: (1) 0.00025M FA; (2)
0.0025M FA; (3) 0.25M FA
103.3 136.8 145.2 167.8
Band position on SDS gel
Band position on SDS gel
27.2 75.6 129.3
Band position on SDS gel
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Figure 4-7 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (v/v) 2-ethylphenol and
varying levels of formaldehyde (FA) as follows: 
(1) 0.00025M FA; (2) 0.0025M FA; (3) 0.25M FA
(4) 2.5M FA
21-2 29.5 43.9 50.6 65.9 81.4
Band position on SDS gei
21 31.9 44.1 50.8 66
Band position on SDS goto
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Figure 4-8 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (w/v) cysteine and varying
levels of formaldehyde (FA) as follows: (1)
0.00025M FA; (2) 0.0025M FA; (3) 0.25M FA
27 65.6 79 105.6 123.7 144.1 157.9 167.7
Band position on the SDS gel
65.7 86.4 114.8 167.8
Band position on the SDS gel
52.1 86.4 117.8 167.8
Band position on the SDS gel
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Figure 4-9 Densitometric scans of SDS-PAGE gels of the cod (Gadus morhua)salt extractable protei;Va£vi£g
presence of 0.1% (v/v) sorbitol and Jurying
levels of formaldehyde (FA) as follows. 
0.00025M FA; (2) 0.0025M FA; (3) 0.25M FA
2.5M FA
Band position on tho SDS gel
Band position on the SDS get
173
174
Area
 (%
) 
Area
 (%
)
Figure 4-10 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (v/v) sucrose and varying
levels of formaldehyde (FA) as follows: (1)
0.000251VI FA; (2) 0.0025M FA; (3) 0.25M FA
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Figure 4-11 Densitometric scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (v/v) starch and varying
levels of formaldehyde (FA) as follows: (1)
0.00025M FA; (2) 0.0025M FA; (3) 0.25M FA
61.2 78.2 85.5 104.8 113.4 123.1
Band position on SDS gel
25 t
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Band position on SDS gel
28.4 51.9 86.4 124.7
Band position on SDS gel
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Figure 4-12 Dens i tome trie scans of SDS-PAGE gels of the cod 
(Gadus morhua) salt extractable proteins in the 
presence of 0.1% (v/v) tryptophan and varying 
levels of formaldehyde (FA) as follows: (1)
0.00025M FA; (2) 0.0025M FA; (3) 0.25M FA
30
Band position on the SDS gel
Band position on the SDS gel
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4.4.8 Protein foaming properties upon exposure to varying 
formaldehyde concentrations
Figures 4-13, 4-14 and 4-15 show the effects of
formaldehyde on drainage, foam expansion and foam stability 
and against time. There was an initial low drainage of 
100ml which increased to 250ml, 290ml, 300ml, 370ml and 390 
in the presence of 0.001, 0.002, 0.004, 0.006 and 0.008%
(v/v) formaldehyde respectively. For the samples treated 
with the higher concentrations of 0.004, 0.006 and 0.008% 
(v/v) formaldehyde, no foams were formed. The original foam 
stability of the untreated sample was 80% compared to 50, 
42, 40, 26 and 22% for the samples exposed to 0.01,
0.002,0.004, 0.006 and 0.008% formaldehyde respectively.
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Figure 4-13 Plot of drainage against time with varying 
formaldehyde concentration.
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Figure 4-14 Plot of foam expansion against time with 
varying formaldehyde concentrations.
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Figure 4-15 Plot of foam stability against time with 
varying formaldehyde concentration.
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4.4.9 Assessment of formaldehyde-protein interactions by 
means of immunological techniques (ELISA and Western 
blot)
ELISA
In determining the optimum concentrations of antigen and 
antibody to be used during the subsequent assays, a 
checkerboard titration of the antigen used for coating 
(0 . 625-6 .25/xg/ml) and antisera 1:200-1:1600) dilution was 
assessed (Figure 4-16). All the antigen concentrations used 
resulted in measurable responses. From the displacement 
curve (Figure 4-16) an antibody dilution of 1:800 was 
arbitrarily chosen since it falls in the middle of the 
curve and was used for future assays. This value was 
arbitrary since this caused a sufficient displacement of 
the antiserum curve to the right. Regarding the antigen 
coating, a concentration of 1.125/jg/ml myosin representing 
1:800 of the primary antibody dilution was adopted and used 
in subsequent assays. In order to verify the specificity 
of the primary antibody, the primary antibody was replaced 
with undiluted sera from unimmunised animal. As expected, 
the results from the pre-immune sera gave the lowest 
absorbance readings.
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Figure 4-16 Assessment of the primary antibody (serum) 
dilutions [1:200, 1:400, 1:800 and 1:1600] and 
myosin (antigen) [0.63, 1.13, 2.5 and
2.65jig/ml] concentrations suitable for ELISA.
Exposure of mvosin and myofibrillar protein to formaldehyde
When the myosin solution (1.125jtg/ml) was exposed to 
increasing concentrations of formaldehyde (Figure 4-17) 
there was a concomitant reduction in absorbance readings. 
However, no total loss of immunogenic response was obtained 
at the formaldehyde concentrations used in this project. In 
contrast, when myofibrillar protein solutions were treated 
with increasing formaldehyde concentrations, no pattern 
dependent on the concentration could be observed. This may 
have risen from the non-specific interactions.
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Figure 4-17 Effect of formaldehyde on the absorbance 
reading of the antibody bound in the presence 
of either myosin or total myofibrillar proteins 
by an ELISA.
Western blotting of the myofibrillar protein
The results obtained by Western blotting provided further 
confirmation of the findings obtained by ELISA. The 
specificity of the antisera verified by the use of 
myofibrillar protein. Myosin heavy chain (200 kD) was 
recognised together with another unidentified band of about 
18kD (Plate 4-3A). Complete transfer of the protein from 
SDS gel to nitrocellulose sheet was assessed by double 
staining with Amido Black and India Ink. Plate 4-3B shows 
the nitrocellulose membrane after staining for total 
protein with Amido Black where protein bands such as BSA
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(66. 2kD) and egg albumin (45.0kD) were observed. After 
counter-stain with India Ink, more proteins not Amido black 
Plate 4-3B were detected Plate 4-3C. These counter-staining 
steps confirmed the specific of the antibody to the myosin 
heavy chain and a second band of about 18kD.
A Western blot of the myofibrillar proteins previously 
incubated with known amounts of formaldehyde (0.5M, 5M and 
10M) was run. There was however no detection as the myosin 
band did not enter the gel.
Plate 4-3 Western blot analysis of cod {Gadus morhua)
myofibrillar proteins after separation by SDS- 
polyacrylamide gel electrophoresis. The 
numbered samples refer to the following:
(1) myofibrillar proteins {20pl),
(2) myofibrillar proteins {15pl),
(3) myofibrillar proteins (10/xl) ,
(4) molecular standard proteins {15 pi) : rabbit
myosin (200kD), £-galactosidase (116.250kD), 
phosphorylase b (92.5kD), bovine serum albumin 
(66.2kD), egg ovalbumin (45kD), carbonic 
anhydrase (31kD) and soybean trypsin inhibitor 
(21.5kD).
Individual electrophoretograms were as follows:
(A) Western blot analysis of the separated 
proteins,
(B) Amido Black staining of the nitrocellulose 
membrane after Western blot analysis, and
(C) Counter staining with India Ink of the 
nitrocellulose membrane after Amido Black 
staining.
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4.5 DISCUSSION
HPLC and SDS-PAGE analysis of the salt and water soluble 
proteins
HPLC chromatograms obtained for salt extractable and 
sarcoplasmic proteins are shown in Figures 4-3 and 4-4 
respectively. It was evident from these chromatograms that 
an increase in formaldehyde concentration resulted in a 
significant reduction in the concentration of soluble 
proteins. The peak disappearance observed in the profile of 
the salt extractable proteins was interpreted to mean that 
a large percentage of the protein fraction became insoluble 
as formaldehyde concentration was increased. After
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centrifugation these insoluble proteins were removed as 
part of the sediment.
This rationale was applicable to the sarcoplasmic proteins 
where both peak disappearance and peak broadening was 
observed. The broadening was presumably due to the 
formation of large formaldehyde-protein complex formation. 
Another observation with respect to the sarcoplasmic 
proteins was that, at the highest formaldehyde 
concentrations used, there was unresolved material which 
could not be eluted in the 35 minutes. When the run time 
was extended from 35 minutes to 60 minutes, the unresolved 
material was visible between 36-48 minutes. This 'hump' 
further confirmed that large protein-formaldehyde 
aggregates were formed. No attempts were made in this 
project to collect the proteins from the HPLC column at the 
end of each run as 20^1 injection volume did not warrant 
collection. Analysis of these proteins would give more 
information about the aggregates formed.
Another feature which was unique to the sarcoplasmic 
proteins was the apparent change in retention times. As 
formaldehyde concentration was increased the retention time 
of the peaks increased. These findings could be explained 
by taking into consideration the changes in protein 
hydrophobicity caused by an increase in formaldehyde 
concentration. The other factor to consider was the nature 
of the column packing material. The RP-HPLC column employed
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uses protein hydrophobicity as a basis for protein 
separation. Thus, the shift in retention time of peaks from 
low to high was interpreted as an increase in protein 
hydrophobicity of the formaldehyde treated proteins. The 
effects of formaldehyde on the proteins was dictated by the 
ionic strength. Thus, indicating electrostatic interactions 
in the formaldehyde treated protein aggregates resulting in 
high retention times.
SDS-PAGE of fish myofibrillar proteins.
The greatest change in the amount of soluble proteins 
occurred at formaldehyde concentrations between 0.0008 and 
0.2% (v/v). The most sensitive proteins were those of high 
molecular weight. This project demonstrated that proteins 
with molecular weights between 66kd-200kd started to 
insolubilise and disappear first. This change was 
accompanied by the appearance of high molecular weight 
fractions on top of the gel which could not penetrate the 
SDS-gel. These high molecular weight aggregates were 
presumably formed by the interaction of proteins with 
formaldehyde. These results are in agreement with the 
studies by Owusu and Hultin (1987) and Childs (1973) who 
reported that tropomyosin and heavy meromyosin were 
rendered completely inextractable by FA at 0.004% 
concentration and that the myofibrils lost their 
susceptibility in buffer by 75% under the action of 0.005% 
formaldehyde.
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Effects of FA in the extracting solutions on the solubility 
of salt extractable and sarcoplasmic proteins
The present study showed that the direct addition of
formaldehyde to fish mince brought about a marked decrease 
in the extractable protein content (Figure 4-2). The 
decrease in protein extractability was associated with 
protein denaturation which led to a drop in protein 
solubility.
Pellet formation and dissolution with several agents
The solubilisation of the formaldehyde-precipitated salt 
extractable proteins was 46% and 73.7% for 1% £-
mercaptoethanol and 8M urea respectively. For the
sarcoplasmic proteins the same trend was followed, in this 
case the solubilisation was 11.9% and 45% for 1% (v/v) £- 
mercaptoethanol and 8M urea respectively. The combination 
of urea and £-mercaptoethanol solutions gave the greatest 
solubilisation of 88.0% for the salt extractable and 62.3% 
for the sarcoplasmic proteins. The higher values suggested 
the involvement of disulphide bonds in the protein-
formaldehyde aggregate formation. This could be explained 
by the fact that the protein unfolding by urea enabled £- 
mercaptoethanol to reach disulphide bond. The balance of 
12% insolubilised protein not solubilised by 1% £-
mercaptoethanol and 8M urea may involve covalent bonds 
other than disulphide bonds.
Buttkus (1979) put forward the concept of concurrent action 
of different denaturing factors. He argued that a molecular
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alteration brought about by the formation of disulphide 
bonds followed by the rearrangement of the hydrophobic and 
hydrogen bond regions of intra- and intermolecular 
positions during denaturation and aggregation could not be 
reversed by S-S bond reducing agents alone. A combination 
of the reducing agents and reagents which breaks inter­
molecular hydrophobic and hydrogen bonds are required. The 
current work supported this argument. The concurrent action 
theory was also supported by Tsuchiya (1979), who obtained 
88% resolubilisation of actomyosin with the combined use of 
urea and S-mercaptoethanol. SDS disrupts non-covalent 
hydrophobic interactions; it may thus be argued that if a 
large number of non-covalent bonds were formed then they 
would have been broken leading to a large solubilisation 
percentage. However, this was not the case as the results 
obtained with SDS (1% w/v) alone suggested that SDS was not 
effective at solubilising the aggregates. However, SDS 1% 
(w/v) in the presence of a disulphide bond reducing reagent
S-mercaptoethanol (1% v/v) resulted in considerable 
increased protein extractability indicating the disulphide 
bonds. It was thus evident that interaction of formaldehyde 
resulted in an increase in the number of covalent 
disulphide cross-links to give polymers of high molecular 
weight. The actions of guanidine chloride paralleled those 
brought about by urea, although Ljubljana (1978) reported 
guanidine to be more effective than urea. Both compounds 
lead to the cleavage of hydrogen and hydrophobic bonds 
(Tsuchiya, 1979) [see Table 4-5].
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Table 4-5 Cross-bridge cleaving properties of various
solubilising agents according to Tsuchiya 
(1979). ____________________________
Reagent Nature of Bond
Urea hydrogen bonds and non-polar 
(hydrophobic) interactions 
i.e. non-covalent, secondary 
bonds.
S-mercaptoethanol disulphide bonds
SDS hydrophobic interactions
Guanidine hydrochloride hydrogen and hydrophobic 
interactions
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Influence of phenolic compounds, sugars and L-tryptophan 
on the interaction of formaldehyde with salt extractable 
proteins
From the densitometer scan readings of the SDS-PAGE gels, 
for the two sugars used, sorbitol seemed to be relatively 
effective in preventing protein denaturation by 
formaldehyde compared to sucrose. Sorbitol is reported to 
reduce the toughening of fillet muscle during frozen 
storage. From the results obtained in this project, it may 
be argued that its protective role is not through the 
interaction with formaldehyde but through its capacity to 
improve the water holding capacity. It should be noted that 
although sugars are known to improve the texture of frozen 
fish, no data is available to indicate the minimum 
concentration that is needed in fish tissues to avoid 
objectionable toughening during long term freezing of fish. 
In addition, it is not known what concentration of sugars 
can be tolerated without increasing objectionable sensory 
changes. Tryptophan prevented protein insolubility possibly 
by interacting with formaldehyde. These results are in 
agreement with Paverrgou and Clifford (1992) who reported 
that formaldehyde reacts preferentially with tryptophan 
thus making formaldehyde unavailable for reaction with the 
fish proteins. In contrast, the two phenols, guaiacol and 
2-ethylphenol, appeared not to be effective. Phenolic 
compounds found in smoked fish are known to inhibit the 
interaction of protein with formaldehyde (Moini and Storey, 
1980) although the mechanism is still unknown. Cysteine
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prevented the protein-formaldehyde interactions indicating 
the possible reaction of the thiol group of cysteine with 
formaldehyde. Starch, with its numerous hydroxyl groups did 
not react with formaldehyde. The lack of reaction of 
negatively charged groups in starch with formaldehyde 
strengthens the argument that formaldehyde generally 
interacts with positively charged amino groups. Thus starch 
did not exhibit any inhibitory role.
Effect of formaldehyde on foamabilitv
Increasing formaldehyde concentration resulted in a 
concomitant decline in both foam capacity and stability. 
The decrease in these parameters was caused by intense 
protein aggregation and formation of large non-dispersible 
aggregates leading to a loss of solubility. As previously 
discussed, the functional properties of proteins depend on 
protein solubility. Thus the insolubilised protein was no 
longer able to lower the surface tension to enhance foam 
formation and form a viscoelastic film around the air 
bubbles to increase foam stability. In addition, the 
blocking of the amino groups of the proteins by 
formaldehyde may be a factor in reducing foaming properties 
which rely on the maintanance of viscoelastic film by 
protein electrostatic interactions (Murphy and Howell, 
1991).
192
Investigation of mvosin antibody specificity bv 
iimmmological techniques (ELISA and Western blot)
ELISA and immunoblot findings obtained in this project 
showed that the antiserum raised positively recognised the 
myosin heavy chain. ELISA, using purified myosin 
(0.625+g/ml-6.25+g/ml), resulted in an incremental 
absorbance reading from the highly diluted to the less 
diluted antibody dilutions (1:200-1:1600) used. In contrast 
and as expected, antigen (0.625-6.25+g/ml) from unimmunised 
rabbit gave negatve response.
The ELISA results were verified by the Immunoblot findings 
where a single heavy myosin band was visualised on the 
nitrocellulose membrane. The light chains of myosin 
normally obtained in SDS-PAGE were not detected. Myosin is 
the major myofibrillar protein accounting for 45% (w/v) of 
the total fish myofibrillar proteins. The specificity of 
the raised antibodies was tested by coating the plates with 
myofibrillar proteins instead of the purified myosin, using 
serum dilutions of 1:200-1:800. As anticipated, the ELISA 
findings indicated that there was non-specific binding. 
This was attributed to the possible presence of fish 
endogenous enzymes which may have different affinities to 
the antibody. Western blot analysis indicated that the 
antibody produced in this project recognised myosin from 
the extract of total myofibrillar proteins. However, there 
was cross-reaction of the band at 18kD. The cross-reacting 
protein possibly contained a similar amino acid sequence to
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that of the myosin heavy chain. The cross-reacting protein 
may have competed with the antigen for the binding of the 
antibody. The antibody developed in this project would be 
useful in detecting the presence of myosin in a composite 
food.
The criticism of this study was that myofibrillar proteins 
from other animals were not assessed. However, due to the 
high degree of homology, the antibody raised in this 
project would be expected to recognise myosins from other 
species.
Assessment of formaldehvde-protein interaction bv ELISA.
When myosin solutions were subjected to increasing 
formaldehyde treatments prior to coating the ELISA plates, 
there was a reduction in absorbance readings. This was 
possibly due to aggregation of the protein by formaldehyde. 
In an aggregated protein, the antigenic sites would be 
expected to be changed through occlusion of the binding 
sites. This would lead to loss of affinity between the 
antigen and the antibody. Another explanation of the low 
absorbance readings would be that the formed aggregates 
were too large to bind firmly to the plates and were thus 
washed away during washing steps. It is worth noting that 
despite the fact that there was a reduction in the 
absorbance, no total inhibition was achieved even at FA 
concentrations of 6M which are not usually produced in 
frozen fish. This indicated that the protein retained some
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of its original antigenicity but was not immunogenically 
identical to the untreated sample.
To find an antibody which will recognise aggregated myosin, 
the best approach would be to expose myosin to 
formaldehyde, resolubilise the aggregate with urea, £- 
mercaptoethanol and SDS according to the principle 
developed by Hitchkock (1981). Several authors have used 
ELISA on denatured proteins and have reported a reduction 
in antibody specificity dependent of the extent of 
denaturation. Jones and Patterson (1988) reported that the 
heating of meat caused denaturation of the protein and 
altered its immunoreactivity, thus rendering its detection 
impracticable by antisera raised originally to the native 
proteins. Furthermore, Windemann (1988) immunised rabbits 
with heat treated gliadin (mainly w-glaidin) and reported 
a significant decrease of the antisera sensitivity by ELISA 
compared with that using antibodies raised against native 
wheat gliadin. It is worth noting that the inverse 
relationship between enzyme activity and formaldehyde 
obtained in this project occurred over a wide range of 
concentration (0.0025M-6M). The use of ELISA techniques may 
not be appropriate for the detection of the states of 
denaturation caused by the low formaldehyde concentrations 
produced in frozen fish. As expected, the ELISA results 
indicated that there was no trend in the myofibrillar 
proteins as formaldehyde concentration was increased. This 
was attributed to the presence of other fish muscle
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p r o t e i n s  w h i c h  m a y  h a v e  l e d  t o  n o n - s p e c i f i c  b i n d i n g .
4.6 CONCLUSIONS
The results presented here indicated that the addition of 
formaldehyde led to a gross denaturation of fish proteins. 
This does not occur until relatively high levels of 
formaldehyde up to 0.0005% are added. Levels this high are 
not found in even severely denatured frozen fish. The 
values quoted to be found in frozen fish correspond to 
formaldehyde concentrations of 0.001% (Connell, 1975). As 
fish is consumed cooked, then theoretically cooking would 
probably eliminate any free formaldehyde by volatilisation. 
Formaldehyde is therefore only one of the contributors to 
protein denaturation during frozen storage of fish.
When a formaldehyde-protein complex is formed and protein 
is insolubilised, the number of cross-bridges between the 
protein molecule increases. The nature of the bonding 
between the formaldehyde and the proteins include non- 
covalent and hydrophobic interactions with the presence of 
a number disulphide and non-disulphide bonds.
Formaldehyde induced protein conformational changes and 
reduced the specificity of the antigen to the antibody. The 
antibody used in the current study may be used to detect 
the presence of fish myosin in myofibrillar proteins 
especially in minced fish products.
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C H A P T E R  5
MICROSCOPIC AND TEXTURAL EXAMINATION OF 
FORMALDEHYDE INTERACTIONS WITH FISH MUSCLE PROTEINS
5 .1 AIMS
The aims of these experiments were to investigate:
the fish protein-formaldehyde aggregates by Atomic Force 
Microscopy (AFM) . The interest in this new technique 
stems from its unique ability to provide an image of 
ultra-high resolution at the nanometre level, 
the effect of formaldehyde addition on fresh fish muscle 
ultrastructure by both Electron Microscopy (EM) and 
Light Microscopy (LM) and to compare the observed 
changes with those shown in fish muscle tissue stored 
frozen for 4 months at -20°C.
the effect of the addition of formaldehyde to unstained 
myofibrillar proteins by Phase Contrast Microscopy (PCM) 
the viscoelastic behaviour of formaldehyde treated fish 
muscle tissue by small and large deformation testing.
5.2 INTRODUCTION
The Atomic Force Microscope (AFM) is a novel instrument 
which belongs to the Scanning Probe group of microscopes 
(SPM). The prototype of these microscopes was the Scanning 
Tunnelling Microscope (STM) which was introduced thirteen 
years ago in 1981 (Binnig et al . . 1982). The inventors,
Gerd Binnig and Heinrich Rohrer, IBM, Zurich, were awarded
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a Nobel Prize in 1986. STM is used to image the surface 
features of electrically conducting samples. This is 
achieved by bringing a sharp tip into close proximity with 
the sample; distances up to lnm are achievable. By guiding 
the probe over the surface of the sample, a three 
dimensional observation is obtained which reflects the 
nature of the local interaction between the probe and 
sample. The tip is atomically sharp since the smaller the 
tip radius the higher the resulting resolution. The tip and 
the sample have a potential difference of 10 to lOOOmV. 
When they are brought close enough together a quantum 
mechanical effect known as "tunnelling" current is set up. 
Basically, when a small voltage is applied to the tip, 
electrons "tunnel" across the gap generating a "tunnelling" 
current. This current is in the order of pico to nano amps. 
The tip is scanned over the surface by means of 
piezoelectric transducers. As indicated earlier, samples to 
be studied by an STM must conduct electricity to some 
degree. Poor- or non-conducting materials may also be 
studied with some modifications to the sample preparation. 
The non-conducting samples can be coated with a thin layer 
of conducting material to facilitate imaging. The 
disadvantage of this approach in STM is that the final 
results will depend on the material used for coating the 
sample. For food materials, a direct observation is 
preferred. The advent of STM has led to the development of 
new related SPM which are all based on similar technology, 
architecture and features. AFM is the most promising device
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for biological applications since a direct three 
dimensional characterisation of the sample with sub­
nanometre resolution can be obtained. During this project 
the AFM was therefore employed instead of the STM.
5.2.1 Atomic Force Microscope (AFM)
The AFM also relies on the same principle as STM in the 
sense that a minute probe is employed to scan the surface 
of the sample in a raster pattern. The prime advantage of 
this technique as compared to STM is that non-conducting 
samples can also be imaged (Binnig et al.. 1986; Rugar and 
Hansma, 1990) . In this case, repulsive forces between the 
apex of a sharp silicon nitride tip and atoms in the sample 
are sensed as the tip is scanned over the sample and 
contours of forces are recorded. The very small tracking 
force can trace over individual atoms without the tip 
damaging the surface of the sample. An image is taken when 
a fine laser is then shone onto the tip of the cantilever 
and the reflected signal is directed via a mirror onto a 
pair of semicircular photodetectors.
Despite the fact that AFM is a relatively new technique, it 
has found many applications in the areas of biological 
sciences. Attempts have been made to image fixed and dried 
erythrocytes and bacteria white blood cells, neurons and 
cardiac myocytes (Hoh and Hansma, 1992). Recently whole 
microsomes have also been imaged (Patman et al.. 1992) . The 
use of AFM has also been extended to the study of lipids 
(Zasadzinski, 1991).
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5.2.2 Ultrastructure of fish muscle upon freezing
Much of the published information regarding the changes 
that occur in frozen fish has concentrated mainly on the 
biochemical, physicochemical and sensory aspects. Little
attention has been paid to the structural changes caused by 
formaldehyde, especially by electron microscopic 
examination. The effects of freezing have been extensively
investigated by the use of light microcopy (LM) , (Love,
1968; Bello et al. , 1980, 1981; Olson et al., 1976),
optical microscope (OP) (Bello et al., 1980, 1981),
electron microscope (EM) (Ablett and Gould, 1992; Jarenback 
and .Liljemark, 1975), phase contrast microscopy (PCM), 
(Olson et al., 1976) and scanning microscopy (SM) 
(Jarenback and Liljemark, 1975; Gidding and Hill, 1978). 
During frozen storage of fish it has been observed that the 
fish texture becomes tough and rubbery (Grendo, 1980).
5.2.3 Light and Electron Microscopy examinations
5.2.3.1 Tissue fixation
Extensive discussions with regard to the mode of action of 
different fixatives have been documented (Glauert, 1974; 
Hayat, 1981; Bullock, 1984). The rationale behind the use 
of chemical fixatives is three-fold. First, it is employed 
to preserve morphological and molecular characteristics of 
the tissues to resemble in vivo conditions. This requires 
the use of a fixative which, whilst retaining good
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morphology also prevents relocation of ions and extraction 
of materials. Secondly, fixatives enhance the hardness of 
the sample in order to minimise distortion of the tissue 
structure which in turn improves the ease with which it can 
be handled during the subsequent steps such as dehydration 
and sectioning. Thirdly, the fixatives kill bacteria and 
related infective agents present in the tissue in order to 
preserve it. The most commonly employed fixatives include 
glutaraldehyde, formaldehyde and osmium tetroxide <0S04). 
Marine invertebrate tissues have been found to be difficult 
to fix by the use of a single fixative. To improve fixation 
of these tissues researchers have used the combination of 
0S04 at a concentration of 0.05% (v/v) and glutaraldehyde at 
4% (v/v) (Eiseman and Alferts, 1982). Other fixatives that 
have been used include alcohols for LM. In the current 
study, because of the studies on formaldehyde, the use of 
aldehydes was avoided. Absolute alcohol and osmium 
tetroxide were used to fix specimens for LM and EM 
respectively.
5.2.3.2 The use of buffers in microscopic examination
There is an extensive range of buffers used in the 
literature for microscopic examinations of tissue samples. 
The importance of the buffer is to balance the pH of the 
system, osmolarity and to minimise extraction of 
constituents (Bullock, 1984). The two most widely used 
buffers in EM employ cacodylate and phosphate ions. The 
latter has the advantage of being both cheaper and safer,
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however its main disadvantage is that it precipitates 
calcium ions (Bullock, 1984). A problem associated with the 
use of phosphate buffer is the development of artefactual 
granular deposits in tissue (Hendricks and Eestermans, 
1980) . In addition, phosphate ions have been shown to 
decrease nuclear mass (Kuran and Olszewka, 1974) presumably 
by extracting nuclear material from the sample. In the 
current study, cacodylate buffers were used for the EM 
preparations.
5.2.3.3 Tissue embedding
In order to obtain sufficiently thin sections for LM and 
EM, sections were cut by microtome and ultramicrotome 
respectively. The tissue was therefore initially 
infiltrated after fixation with embedding substances that 
impart a rigid consistency to the tissue. Routinely used 
embedding materials in the literature include paraffin wax 
for LM and resins of the epoxy type (Epon) for EM. The 
process of embedding is preceded by dehydration and 
clearing. The water in the fragments to be embedded is 
first extracted successively in a graded series of ethanol 
solutions (usually 25-100%). Ethanol is then replaced by a 
clearing solvent miscible with the embedding medium. For 
LM the clearing agent commonly used is xylene whereas 
propylene oxide is employed for EM specimens. In LM, after 
impregnation with xylene the tissue is transferred into 
melted paraffin (58-60°C) . The heat results in the removal 
of the solvent by evaporation and the space becomes filled
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with paraffin. Tissues to be embedded for EM are also 
dehydrated in graded ethanolic solutions and subsequently 
infiltrated, usually with propylene oxide. The tissue is 
then embedded with Epon resin and hardened by means of 
crosslinking by polymerisation at temperatures of 55-60°C. 
The small blocks of paraffin containing the tissues are 
sectioned to a thickness of 1-20/mi for LM. For EM 
examination, much thinner sections (0.02-0.1/xm) are 
necessary and therefore the hard epoxy plastic blocks 
obtained are sectioned with glass or diamond knives. The 
thin plastic sections are then collected on small metal- 
etched copper grids and analysed by EM.
5.2.3.4 Tissue staining
Most tissues are colourless, so that observing them 
unstained in the LM is impractical. The list of dyes in 
existence is extensive, however, the combination of 
Haematoxylin and Eosin (H&E) is the most commonly used 
stain. Haematoxylin behaves in the manner of a basic dye; 
that is, it stains the basophilic tissue component. The 
commonest staining solution used in EM is uranyl acetate. 
H&E and uranyl acetate were employed in the current project 
for LM and EM respectively.
5.2.4 Phase Contrast Microscopy (PCM)
Unstained biological specimens are usually transparent and 
difficult to view in detail since all parts of the specimen 
have almost the same optical density. However PCM employs
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a lens system that produces visible images from transparent 
objects. The principle of PCM is based on the fact that 
light passing through a medium with different refractive 
indices slows down and changes direction. Within a cell, 
different organelles exhibit different refractive indices 
that variably alter the light passing through them. The 
non-staining of the sample implies that this procedure has 
fewer artefacts resulting from sample preparation compared 
to AFM, EM and LM.
5.2.5 Viscoelastic behaviour of foods
The interest in the investigation of the viscoelastic 
behaviour of food is due in part to the fact that 
correlations have been obtained between the instrumental 
results and psychophysical perception of food textural 
properties (e.g. Moskowizt and Kapsalis, 1976). Food runs 
the gamut of properties ranging from viscous liquids, which 
may or may not exhibit elasticity, to elastic solids. In 
addition, foods are multiphase dispersions existing as 
suspensions or emulsions. Rheological and texture studies 
have been carried out in a variety of food products 
including cheese (Campanella et al. . 1987; Jack et al. .
1993; Yun et al.. 1993; Tunick et al. . 1991), fruits (Sarig 
and Orlovsky, 1974) meat and bakery products (Tschoecrl et 
al. , 1970a) ; and gel strength of pure proteins such as soya 
protein (Kancr et al. , 1991), gelatine (Slade and Levine,
1988), whey proteins (Slading and Hermanson, 1991; Morr, 
1992, Hung and Smith, 1993), egg protein (Arntfield et al. ,
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5.2.5.1 Definition of viscoelastic parameters.
Stress-strain deformation curves have been widely used to 
evaluate the textural characteristics of foods 
(Christianson, 1987; Bagley, 1983; McVoy et a l ., 1985). The 
strain and shear stress are described by Figure 5-1 and the 
following equation (Steffe, 1992) :
(T = G' y + (G"/ co ) y
where cr = amplitude of shear stress, Y = amplitude of the 
strain, co = frequency , G' = storage modulus (also called 
elastic modulus) and G" = the loss modulus (also called the
viscous modulus) (Rao, 1993; Steffe, 1993) . G' and G" are
both functions of frequency which can be expressed in terms 
of the amplitude ratio and the phase shift as follows:
G' = (cr0/ Yoi ) Cos (6) and G" = (cr0/ Y)Sin(6)
where <5 = phase lag or phase shift (also termed mechanical
loss).
The tangent of the phase shift (tan delta) is also a 
function of frequency and equally used to describe the 
viscoelasticity behaviour of foods according to the 
following equation:
I
1 9 9 1 ,  R e g e n s t e i n ,  1 9 9 2 )  .
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tan(6) = G"/G' = n//n« where n' = dynamic viscosity, n" =
the out of phase component of the complex viscosity (n") .
It thus follows that for an ideal elastic material (Hookean 
solid), the stress and strain are in phase (6 = 0, G" = 0,
n/ = 0) . In this case G' is a constant. In contrast, if a
material behaves as an ideal viscous substance (an ideal 
Newtonian material), the stress and strain are 90 degrees
out of phase <5 = 7r/2 (G' = 0, n" = 0) .
Figure 5-1 Out-of-phase oscillatory stress and strain.
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5.3.1 Atomic Force Microscopy (AFM)
5.3.1.1 Materials
Formaldehyde was obtained from Sigma Chemical Co. Ltd 
Poole, Dorset. Sodium chloride "Analar" grade was obtained 
from BDH Laboratory Supplies, Merck Ltd. Silicon Substrates 
(100) and microfabricated silicon nitride Cantilever (100- 
200fim) were supplied by Digital Instruments, USA.
Fish samples: Hake (Merluccius capensis) samples were a
gift from Mr. J.L. Bastos, Director, Cadilu Fishing (Pty.) 
Ltd., Walvis Bay, Namibia.
Equipment
Nanoscope II, Digital Instruments, USA.
5.2.1.2 Method 
Preparation of hake salt extractable proteins
Salt extractable proteins were essentially prepared 
according to Dyer (1951) (see method 2.6.2.1) .
Formaldehyde solutions
Formaldehyde stock solutions 0.001M, 0.05M and 5.5M were 
prepared in sodium chloride (5% w/v), 0.02M NaHC03 (pH 7.2) . 
A high formaldehyde concentration solution (12.3M) was also 
used for comparison.
5 . 3  E X P E R IM E N T A L
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Protein solutions (0.5ml) were combined with formaldehyde 
(50+1) solution in Eppendorf tubes. The solutions were 
incubated for two hours at room temperature and frozen at 
-20°C for 10 hours prior to analysis.
Mounting of samples on silicon substrate
The samples were thawed and 40+1 were placed onto a smooth 
silicon substrate previously cleaned with ethanol solution 
(95% v/v) using a tissue. The proteins were then allowed to 
dry at room temperature. The silicon substrate mounted with 
proteins were then transferred into a small container to 
protect them from dust contamination.
Examination of protein samples bv AFM
The silicon substrate holding the sample was glued to a 
steel disk with adhesive and placed on an electrically 
grounded magnetic disk on top of an XYZ translator. The AFM 
tip was held stationary and the sample was scanned using 
piezoelectric transducers. The scanning was activated by 
applying voltages across the piezo translator which was 
controlled by software from Nanoscope II SPM.
5.3.2 Electron Microscopy
5.3.2.1 Materials
Propylene oxide was obtained from BDH Laboratory Supplies, 
Merck Ltd. Absolute alcohol was obtained from Hayman Ltd. 
Formaldehyde was from Sigma Chemical Co. Ltd. Sodium
T r e a t m e n t  o f  t h e  p r o t e i n  s a m p l e s  w i t h  F o r m a l d e h y d e  s o l u t i o n
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cacodylate EM grade, Epon resin (TAAB 812 resin, DDSA EM 
grade, MNA EM grade and DMP-30) were all obtained from TAAB 
Laboratories Equipment Ltd., Aldermaston, Berks. Osmium 
tetroxide was obtained from Merck Chemical (Pty) Ltd., 
South Africa.
Equipment
Electron Transmission Microscope - Phillips 400.
5 .3 .2 .2 Reagents 
Cacodvlate buffer (p H 7.5)
0 . 2M Sodium cacodylate (CH3) 2AS02Na.3H20) pH 7.5
Osmium tetroxide
Osmium tetroxide (4% v/v).
Preparation of Epon 812 Resin
The Epon resin was prepared according to the suppliers' 
recommendations (TAAB Laboratories Equipments Ltd., 
Aldermaston, Berks.) as follows:
TAAB 812 Resin 48g
DDSA EM grade 19g
MNA EM grade 33g
DMP-30 2g
This was mixed thoroughly with a glass rod and used 
immediately.
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5 .3 .2 .3 Method 
Sample preparation
Pieces of fish muscle (approximately 0.5-1 mm cubes) were 
cut with a razor blade on a smooth board. Fish muscle (lg) 
was treated with 1ml containing the following formaldehyde 
concentrations: 0.001, 002, 0.005, 0.02, 0.04, 0.08, 0.16, 
1.25 and 10M. The sections were incubated at -20°C for one 
month to allow the formaldehyde to react.
Preparation of formaldehyde untreated sample
An unfrozen and untreated portion was directly prepared for 
electron microscopic analysis.
Tissue fixation with osmium tetroxide
The sections were placed in a small screw-capped bottle and 
washed with cacodylate buffer (pH 7.5) . The commonly used 
fixatives, glutaraldehyde and formaldehyde were excluded to 
avoid possible confusion arising from the effects of these 
aldehydes. Samples were instead satisfactorily fixed with 
osmium tetroxide.
Fixation was carried out at room temperature in 2% (v/v)
osmic acid diluted in a 0.2M cacodylate buffer (pH 7.5) in 
a ratio 1:1. The tissue sections were then dehydrated by 
placing them for ten minutes (twice) in each of the 
following alcohol solutions: 25% (v/v), 30% (v/v), 75%
(v/v), 90% (v/v) and 100%. They were then transferred to a 
1:1 solution of propylene oxide and 100% alcohol for 10
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minutes (twice in each case). The tissues were then placed 
in fresh propylene oxide for 10 minutes (twice) and 
transferred into a 1:1 mixture of Epon resin and propylene 
oxide for 20 minutes. Small sections were then transferred 
into the resin filled capsules. If tissues floated they 
were gently stirred on the surface with a stirring rod. The 
resin was allowed to stand at room temperature for 4 hours 
and the Epon Resin polymerised for 48 hours at 55 °C. 
Sections were cut were made from the resin blocks in the 
Micro Structural Studies Unit and examined on a Phillips 
400 transmission electron microscope.
5.3.3 Phase Contrast Microscopy
5.3.3.1 Materials
Equipment
Camera: Wild Mikrophot MPS05.
Microscope: Laborlux D.
5 .3 .3 .2 Method
The following formaldehyde stock solutions were prepared in 
distilled water ImM, 4mM, lOmM, lOOmM, 2000mM and 2500mM. 
The total myofibrillar proteins were prepared according to 
LeBlanc (1989) (sectiom 2.6.2 .3) . Protein solutions (0.1ml) 
were combined with 0. 1ml of each of the formaldehyde 
solutions to final formaldehyde concentrations of 0.5mM, 
2mM, 5mM, 50mM, lOOOmM and 1250mM. The solutions were 
incubated at -2 0°C for 12 hours and thawed at room 
temperature. Protein samples {50pi) were placed on a slide
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and observed under the Phase Contrast Microscope at a 
magnification of 4,000.
Video taping of the interaction of formaldehyde with the 
myofibrillar proteins
Myofibrillar proteins were prepared according to LeBlanc 
(1989) (section 2.6.2.3). The following formaldehyde 
solutions: 0.0001M, 0.001M, 0.01M, 0.1M, 1M and 10M were
prepared in distilled water. Formaldehyde was also used in 
the form of the reagent grade solution (37-40%) for 
comparison. In order to study aggregate formation protein 
solution (50+1) was placed on the slide to which 50+1 
formaldehyde solution was added. The formation of protein- 
formaldehyde aggregation was video-taped.
5.3.4 Histology studies on hake muscle treated with 
increasing formaldehyde concentration
5.3.4.1 Materials
Freund's complete and Freund's incomplete Adjuvants were 
all obtained from Gibco Laboratories, Grand Island N.Y, 
USA. Eosin stain and haematoxylin crystals were supplied by 
BDH Laboratory Supplies, Poole, Dorset, England. Phloxine 
stain was supplied by Fluka AG. Chemische Fabrik, CH-9470 
Buchs SG. Aluminium potassium sulphate and glacial acetic 
acid were obtained from SMM Chemicals, Johannesburg, South 
Africa. Mercuric (II)-oxide Red was from E. Merck 
Darmstadt. Ethanol was obtained from Synthon Fine Chemicals
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and xylene from NT Lab. Supplies, Johannesburg, South 
Africa. Paraplasts plus embedding medium were obtained from 
Monoject Scientific Inc., Ireland and isopropanol was from 
Protea Laboratories, Cape Town.
Equipment
Reichert sliding microtome (Austria).
5.3.4.2 Reagent preparations 
Eosin dve preparation
Eosin stain 5.Og
Phloxine 2.5g
Distilled water 1500.0ml
Eosin was dissolved in 500ml distilled water and phloxine 
in 250ml in separate containers. The two solutions were 
mixed and made up to 1500ml with distilled water. Before 
use, 0.8ml glacial acetic acid were added to the container.
Harris Haematoxylin
Haematoxylin crystals 5g
Alcohol (100%) 50ml
Aluminium potassium sulphate lOOg
(KA1 (S04) 2.12H20)
Distilled water 1000ml
Mercuric (II) oxide Red Gr. 2.5g
Haematoxylin was dissolved in alcohol (i.e. ethanol)
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(95% v/v) whereas aluminium potassium sulphate was 
dissolved in warm water. The two solutions were mixed in 
warm water and Mercuric oxide was added slowly warm 
until the mixture was slightly white. The container was 
cooled with cold tap water. Glacial acetic acid (2-4ml) 
was added for every 100ml solution and filtered before 
use.
5 . 3 .4 .3 Method
This was performed essentially in accordance with the the
method described by Sainte-Marie (1962).
1 Fixation in ethanol (96% v/v) for 15 to 24 hours at 4°C.
2 1 to 2 hours in 100% ethanol at 4°C.
3 1 to 2 hours in 100% ethanol at 4°C.
4 1 to 2 hours in 100% ethanol at 4°C.
5 1 to 2 hours in 100% ethanol at 4°C.
6 1 to 2 hours in xylene at 4°C and 1 hour adapting to 
room temperature.
7 1 to 2 hours in xylene at 4°C and left overnight.
8 1 to 2 hours in xylene at 4°C.
9 2 hours in melted paraffin (56-60°C).
10 Put in cassette and allowed to solidify at 4 °C.
11 Store at 4°C until use.
12 The sections were cut using a microtome, maximum
thickness 4mm.
13 Sections were allowed to dry at room temperature
overnight.
14 Deparaffinisation: Samples were incubated in xylene for
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2 minutes with five changes and then incubated for one 
minute in each of the following:
99% (v/v) ethanol x3, distilled water, Haemotoxylin x4, 
acid alcohol, distilled water, Scots water, distilled 
water, 99% (v/v) alcohol, Eosin, 99% (v/v) ethanol x4
and xylene
15 The deparaffinised specimens were covered with cover 
slips which were mounted with DPX and examined 
microscopically.
5.3.5 Small deformation testing by rheometry.
5.3.5.1 Method
Dynamic mechanical properties of fish muscle treated with 
formaldehyde were compared with the untreated samples 
(control). A Carrid-Med CSL 100, Carri-Med Americas Inc., 
Valley View OH, was used. These experiments were conducted 
at room temperature («25°C), using a frequency sweep mode 
from 0.100 to 40Hz in 5 minutes with a cone (2cm diameter) 
and a plate. A graph of the resultant G' and G" was 
prepared. The full details of the operating conditions of 
the Rheometer are indicated in Appendix (5-1).
5.3.6 Large deformation testing by TA.XT2 Texture Analyser
The viscoelastic behaviour of fish muscle was characterised 
by large deformation compression analysis. Samples were 
treated with varying concentrations of formaldehyde (0M, 
0.005M, 0.05M and 10M) and then poured into ring moulds of 
5mm height and 13mm diameter. The samples were incubated
2 1 5
for 2 weeks at -20°C between glass plates covered with 
aluminium foil. On removal, they were left to equilibrate 
for 30 minutes at 4°C, allowed to thaw at room temperature 
and then loaded onto the parallel plate geometry of a 
TA.XT2 Texture Analyser where a constant deformation was 
applied at 0.8mm per second compression rate. The maximum 
strain achieved was 90% of the original sample height and 
the response of the network was recorded as a stress-strain 
curve on a computerised output.
5.4 RESULTS
5.4.1 AFM
The Atomic Force Microscope images obtained from silicon 
substrate in the absence of either buffer or protein 
solutions are shown in Plate 5-1
Plate 5-1 Atomic Force Microscopy images of the salt 
extractable proteins for hake (M. capensis) 
subjected to varying formaldehyde 
concentrations. The images are as follows: [A, 
B] silicon substrate [C, D] untreated protein; 
[F, G] 0.001M FA (H, I, J) 0.05M FA; [K, L, M, 
N, 0] 12.5M FA.
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A B
X ,  Y  =  6 /u n ;  Z =  2 . 0 / u n  X , Y  =  6 /u n ;  Z =  1 . 0 / i m
M a g .  7 . 5 x l 0 3 . M a 9 -  7 5 x 1 0  •
x ,  Y  =  6 /un ;  Z = 2 . 0 / t m  
M a g .  6 0 x l 0 3 .
X ,  Y  = 6 /u n ;  Z =  0 . 2 / u n  
M a g  7 5 x l 0 3 .
E
X ,  Y  = 6 /u n ;  Z = 2  . 0 /u n  
M a g .  6 . 6 x l 0 3 .
X ,  Y  =  6 /u n ;  Z =  0 . 0  5/un  
M a g .  1 2 O x l 0 3 .
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X , Y  =  6 / m ;  Z =  2/xm 
M a g .  5 x 1 O3 .
X , Y  =  6/xm; Z =  0 . 5 / x m  
M a g .  2 0 x l 0 3 .
X ,  Y  =  6/xm, Z = 0 . 5 / x m  
M a g .  4 0 x l 0 3 .
X ,  Y  =  6/xm;
M a g .
Z = 2  . 5 / m  
l O x l O 3 .
K
5 !  '  j
X , Y  =  6/xm; Z =  1 . 2/xm 
M a g .  2 0 x 1 0  .
X ,  Y  =  6/xm; Z =  0 . 5 4 3 / x m  
M a g .  8 . 6 x l 0 3 .
2 1 8
Mi • l. Ii ii 
il. in .i. ,i
6pm; Z = 0.2pm 
Mag. 6 0 x l0 3.
= 6pm; Z = 0.2pm 
Mag. 2 4 0 x l0 3 .
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The smooth flat surface was visible at both low and high 
magnifications (Figures 5-1 A-B) . The protein distributions 
on the silicon substrate prior to treatment with varying 
concentrations of formaldehyde are shown (Figure 5-1 C-0). 
The small globules of protein could be clearly seen 
uniformly distributed.
After exposing the proteins to 0.001M formaldehyde, changes 
in the surface roughness were evident (Figure 5-1 F, G) . 
The even distribution observed with the untreated protein 
sample (Figure 5-1 C, D) disappeared. The proteins formed 
clumps and only a few small globules observed in the 
untreated sample were discernible. At low magnification 
surface contours were significantly enlarged as seen in 
(Figure 5-1 G) . The formaldehyde therefore caused the 
reduction in the number of smaller isolated proteins.
At a concentration of 0.05M formaldehyde the roughness of 
the sample increased further (Figure 5-1 H, I, J) . Clif- 
like structures were observed (Figure 5-1 H). Large 
crystalline-like shaped aggregates, started to appear. At 
low magnifications, it was evident that larger complexes 
which were not detected at 0.001M were predominating.
The results obtained when protein samples were treated with 
very high formaldehyde concentrations of 5.5 and 12.33M 
were similar. Only the micrographs obtained from the 12.3M 
FA treatment are shown. At these concentrations, individual
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protein clumps have vanished. The appearance of a distinct 
step-like crystalline structure was observed. In addition, 
the aggregates appeared to be stacked together in the form 
of multilayers (Figure 5-1 K-0). Small protein chains were 
seen on the surface of the step-like structures (Figure 5-1 
L-N) .
5.9.2 EM
Electron micrographs of longitudinal sections of fish 
muscle fibre are shown in Plate 5-2 at the same 
magnification (2852X).
Plate 5-2 Electron micrographs (2853X) showing the effect 
of formaldehyde and frozen storage on hake (M. 
capensis) muscle ultrastructural integrity. (A) 
Unfrozen and untreated with formaldehyde; the 
essential bands and lines of a sarcomere are 
noticeable. The following samples were frozen 
for 1 month at -20°C and treated with 
formaldehyde as follows: (B) 0.005M FA, the
cross-banded pattern was identical to the 
untreated sample. (C) 1.25M FA, changes in the 
organisation of the tissue components could be 
observed. (D) 5M FA, changes in the 
organisation of the tissue. The bands and lines 
were visibly sharper. The appearance of spaces 
between individual myofibrils was noticeable. 
(E) Fish stored at -20°C for 4 months, the 
myofilaments have disintegrated.
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Electron micrograph (A) was obtained for muscle tissue 
which was not frozen nor subjected to any formaldehyde 
treatment. The arrangement of the myofilaments and 
myofibrils was well ordered and regular pattern of the 
striated skeletal muscle was visible. The essential 
features of a sarcomere (S) are clearly noticeable, a light 
band (I), a dense A band (A), a lighter H-band (H), M-line 
(M) and Z-lines (Z) . Plates 5-2B, 5-2C and 5-2D show
electron micrographs of the muscle tissue which was 
subjected to increasing FA concentrations and frozen for 1 
month at -20°C prior to fixation. The cross-banded pattern 
of the tissue treated with 0.005M {Figure 5-2B) was almost 
identical to that which was not treated with formaldehyde. 
At high formaldehyde concentrations (1.25M-5M FA) it was 
evident that the addition of formaldehyde resulted in the 
following changes in the organisation of the tissue 
components. In both cases, however, the diameter of the 
myofibril was similar. The resolution obtained in the 
photographic representations of the myofibril was improved 
compared to the pictures obtained in the presence of no or 
low concentrations of formaldehyde (Plates 5-2A and 5-2B) 
where the Z, H, I and M bands were visibly sharper. There 
was also a noticeable appearance of spaces between 
individual myofibrils for these samples treated with FA 
prior to freezing. Electron micrograph Plate 5-2E, was 
obtained from cod which was frozen for 4 months at -20°C 
before fixation. The general arrangement of the tissue had 
completely changed. First, there was excessive shortening
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of the repetitive pattern of the myofibrils and the 
arrangement of the myofilaments had changed drastically.
5.4.3 LM
Plate 5-3 shows light microscope photographs taken at the 
same magnification (4000X). The H&E stained skeletal muscle 
fibres red and connective tissue (collagen) light blue. For 
the untreated and unfrozen sample, the characteristic 
histological features of skeletal muscle fibres in 
longitudinal section were visible. Skeletal muscle fibres 
could be seen as elongated, unbranched structures and with 
numerous nuclei located at regular intervals. At high 
formaldehyde concentrations, the following changes were 
noted: the muscle fibre had disintegrated, numerous nuclei 
were exposed and the spaces between them were occupied by 
small amounts of connective tissue (possibly collagen).
Plate 5-3 Light Micrographs of hake (M. capensis)
skeletal muscle fibres (longitudinal section) 
stained with Haematoxylin and Eosin stain and 
treated with varying formaldehyde 
concentrations as follows: (A) unfrozen and
untreated; the following samples were stored in 
frozen storage (-20°C) for one month in the 
presence of formaldehyde (B) 0.005M, (C) 1.25M
and (D) 5M.
2 2 6
A2 2 7
c2 2 8
Increasing formaldehyde concentrations resulted in 
progressive shrinkage of the proteins (Plate 5-4) . At 2M 
and 2.5M (Plate 5-4 E and F) particularly the myofibrillar 
proteins could be seen clumped together and with elongated 
fibres.
5 . 4 . 4  P h a s e  C o n t r a s t  M i c r o s c o p y
Plate 5-4 Phase contrast Micrographs (4,000X) of the 
myofibrillar proteins extracted from cod (Gadus 
morhua) and treated with different levels of 
formaldehyde. The numbered micrographs refer to 
the following: (A) untreated (B) 0.001M FA (B) 
0.01M FA (D) 0.1M FA (E) 2M FA (F) 2.5M FA.
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5.4.5 Large deformation tests using Texture Analyser
Figure 5-2C illustrates properties of the sample treated 
with 0.005M FA where the sample was very elastic, 
maintaining cohesion up to 90% compression. Therefore, 
calculations of the hardness of the network became 
impossible since no rupture occurred during compression. 
The situation could be resolved by measurements of modulus. 
Figure 5-2A shows the changes in the textural properties of 
the fish muscle as a function of the amount of formaldehyde 
added. Increasing the amount of formaldehyde produced a 
firmer network reaching a maximum at about 0 . 1M FA. The 
mechanical spectrum of a vulcanised rubber is provided 
(Figure 5-2B) to emphasise the elastic texture of fish 
muscle.
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C o m p r e s s i o n  a n a l y s i s  o f  f i s h  m u s c l e
5 C, 9 0 %  c o m p r e s s i o n ,  0.8 m m / s e c
M of formaldehyde
Figure 5-2 Compression analysis of fish muscle by Texture 
Analyser at 5°C, 90% compression, 0.8mm/sec.
(A) is a summary of the modulus analysis; (B) 
is a galvanised rubber; (C) an example of a 
typical curve of the compression analysis of 
the cod muscle at 0.005M FA. The pattern was 
similar at 0.05M, 0.5M, 5M and 10M FA.
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5.4.6 Small deformation testing on the Carri-med CLS-100 
Rheometer
Figure 5-3 shows the distinctive frequency sweep behaviour 
of formaldehyde untreated and treated fish muscle samples 
[cod (Gadus morhua)]. With treated fish muscle tissue, G' 
was higher than G" over the entire frequency range used 
indicating the elastic nature of the samples. The tangent 
of the phase shift (tan delta) was originally high for the 
treated sample and gradually declined whereas as for the 
untreated sample, the tan delta was relatively constant.
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5.5 DISCUSSION 
AFM
The results obtained in this preliminary study on protein 
formaldehyde aggregate formation demonstrated that the use 
of AFM can contribute significantly to the understanding of 
the nature of the aggregates. As the technique has never 
been employed in the investigation of protein-formaldehyde 
aggregates before, a range of low and extremely large
concentrations of formaldehyde outside of the range 
normally observed in frozen fish was investigated. The
reason for this higher degree of treatment was to ensure 
that there was enough observable induced change.
From the micrographs obtained it was obvious that the
changes brought about by FA could be differentiated. The
changes could be observed even at the lowest formaldehyde 
concentration used in this experiment (0.001M). It was 
clear from the patterns observed that as the formaldehyde 
concentration was increased there was concomitant formation 
of large complexes between formaldehyde and the fish 
proteins. These aggregates took distinct shapes and surface 
roughness.
The initial observation made was that, in the untreated 
sample, the protein globules were smaller and evenly 
distributed. In contrast, addition of formaldehyde resulted 
in an uneven distribution. The disappearance of the even 
distribution and appearance of larger complexes with
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increasing formaldehyde concentration was taken as evidence 
of protein-formaldehyde aggregate formation. The step-like 
crystalline bundle shaped structures predominated. This 
suggested that the aggragates were bonded in multilayered 
structures possibly held together by strong covalent bonds 
which was more evident at lower magnification. At these 
high concentrations (12.33M FA), the surface contours lost 
the smoothness shown in the untreated sample and increased 
substantially in height.
The benefits of AFM cited above are not without certain 
drawbacks. These results may not represent what exactly 
happens in the native state of proteins. Sample preparation 
may introduce structural artifacts. The drying of the 
sample might have changed the sample state. However, 
fixation of samples for Transmission Electron Microscopy 
and histological examinations equally change the native 
state of the samples. Nevertheless, an understanding of the 
different changes can be obtained from using different 
techniques. The ideal approach would be to study the muscle 
sarcomere without subjecting it to fixation, staining or 
drying processes. The challenge will be in finding a 
suitable method to anchor the soft wet sample to the 
silicon substrate.
EM. LM and PCM Examinations 
EM
P r o l o n g e d  s t o r a g e  o f  f i s h  m u s c l e  a t  - 2 0 ° C  f o r  4 m o n t h s
2 3 7
profoundly affected the ultrastructural integrity of the 
myofibrils. Alterations were noted in the length of the 
myofibrils which become shorter and excessively fragmented. 
The disintegration was presumably caused by ice crystals 
and formaldehyde interaction. Previous studies have 
demonstrated that ice crystals exert significant structural 
impact on the cellular and membranous components resulting 
in small, irregular and fragmented sections (Sherman and 
Liu, 1976; Tondorf et al., 1987; Sikoski et al., 1976; 
Hanoaka and Toyomizu, 1979; Ablett and Gould, 1992). These 
results are supported by the findings of Olson et al. 
(1976) who used phase contrast microscopy and polarised 
microscopy and observed that the myofibrils became 
shortened and more fragmented during prolonged frozen 
storage. The region thought to be most susceptible for the 
myofibril fragmentation is the Z band.
Structural evaluations of muscle tissue which was 
intentionally exposed to formaldehyde prior to freezing for 
one month demonstrated that no obvious gross morphological 
changes in the integrity of contractile sarcomere was 
apparent at OM FA and 0.005M FA. An enhanced resolution 
obtained with the muscle tissue treated with 1.25M and 10M 
FA suggested that the direct addition of formaldehyde to 
the muscle resulted in the possible prefixation of the 
tissues prior to the use of osmium tetroxide. The spaces 
formed between the individual myofibril resulted from 
tissue dehydration and shrinkage as the high concentration
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of formaldehyde crosslinked with the muscle proteins. The 
mechanism by which freezing and thawing led to the 
disruption of the myofibril is unclear. It is documented 
that the rate of freezing and the size of crystals affect 
the texture of the frozen fish. Slow freezing results in 
the formation of large crystals which exert pressures on 
the tissue leading to disruption. In the current study, 
individual myofibrils were only formed at high formaldehyde 
concentrations. Pending experimental proof, it should be 
expected that individual myofibrils are likely to be 
distorted by ice crystals during prolonged frozen storage 
leading to the observed shortened and fragmented myofibrils 
by light and electron micrographs. The results from LM were 
interpreted in the same way as those findings from EM. A 
unique feature was revealed by the use of LM on the muscle 
tissue which was treated with formaldehyde and frozen 
storage at -20°C. The predominant disappearance of muscle 
striation and concomitant appearance of the blue stained 
connective tissues may contribute to the described tough 
and rubbery fish texture was noted in frozen fish (Grendo, 
1980).
Phase Contrast Microscopy of protein in vitro demonstrated 
that formaldehyde resulted in shrunken and fibrous 
proteins. The shrinkage was interpreted to indicate that 
interaction of formaldehyde with proteins resulted in the 
dehydration of proteins. The fibrous nature is the factor 
that may be perceived as toughness of fish muscle.
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Large deformation tests bv Texture Analyser
The textural aspects of the muscle tissue were investigated 
by large deformation tests using a texture analyser. The 
scope of this investigation was to monitor the effect of FA 
on the strength of fish muscle under frozen conditions. 
Clearly, the brittleness, defined as the first significant 
drop in the force-deformation curve during the compression 
cycle, for all six samples was identical. Samples were very 
elastic, maintaining cohesion up to 90% compression. 
Therefore, calculations of the hardness of the network were 
not applicable since no rupture occurred during 
compression. However, quantitative measurements of modulus 
which is the initial slope of the f orce-def ormation curve 
are possible. Basically, this is a measure of how the 
sample behaves when compressed into a small space. The 
modulus usually correlates very closely with a sensory 
perception of the sample's firmness (Steff, 1992). The 
results obtained in the current study suggested that 
formaldehyde treatment led to changes in textural 
properties of fish muscle. Increasing the amount of FA 
produced a firmer network reaching a maximum at about 0.1M. 
At this stage, samples appeared to be twice as cohesive as 
the untreated fish protein. However, at higher 
concentrations of formaldehyde an inferior network was 
observed (lower curve gradients) suggesting excessive 
protein denaturation and a possible interference of 
formaldehyde with the tertiary structure of protein 
molecules. Obviously, the above results merit further
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research in the relationship between physical properties 
and chemical structure of the fish protein-formaldehyde 
complexes.
Small deformation testing bv the Carri-med CLS-100 
Rheometer
The frequency sweep was arbitrarily selected for this 
experiment, since it showed how the viscous and elastic 
behaviour of the material changed with the rate of 
application of strain. The elastic component was 
particularly relevant since it may be used to explain the 
perceived rubbery texture. The magnitude of the G' (storage 
modulus) was relatively higher in the formaldehyde treated 
sample than in the untreated sample. Since G' represents 
solid-like or elastic character (Whorlow, 1980), it 
appeared that formaldehyde reinforced the solid-like 
structure of the fish muscle. The G' of the untreated 
sample withstood the highest frequency used implying that 
untreated fish muscle had an elastic nature although 
relatively low compared to the formaldehyde treated sample. 
The G" which represents the viscous modulus component 
(Whorlow, 1980) was lower. The loss tangent or tangent 
delta which is equal to the ratio G"/G' (Whorlow, 1980) 
decreased upon increase in frequency for both the treated 
and the untreated samples. This was expected since the 
sample was elastic (i.e. high G'value) while the tangent 
(cr) decreased. The findings presented in this project 
paralleled those obtained by Beveridge et al. (1984) who
2 4 1
reported, that as gel networks form, the sample becomes more 
elastic (i.e. G' increases) while tan delta decreased 
(Beveridge et al. , 1984). Beveridge and Timbers (1985)
attributed the increase in elastic character in whey 
protein during heating to crosslinking by disulphide bonds 
and hydrophobic interactions. The results presented here 
suggested that formaldehyde affected the texture of fish 
possibly by the formation of crosslinkages with the fish 
muscle particularly the myofibrillar component. It is also 
possible that formaldehyde enhanced the tensile strength of 
the connective protein fraction, the collagen, elastin and 
connectin.
5.6 CONCLUSIONS
AFM results confirmed that the reaction of fish proteins 
with formaldehyde resulted in very large complexes. The 
potential of this technique is just beginning to be 
exploited for food materials. Investigations of proteins in 
the native state will still demand greater efforts.
The factors contributing to the ultrastructural alterations 
and deterioration of fish muscle texture are numerous and 
complex. Formaldehyde is a contributor to the degradation 
of fish muscle through crosslinking with the fish muscle 
proteins. The irregular distortion of the arrangement of 
the muscle components observed with electron and light 
microscopy was indicative of the effects of ice crystal
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formations. The perceived toughening of the fish muscle is 
probably caused by a variety of factors one of which may be 
the crosslinking of formaldehyde with connective tissue.
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C H A P T E R  6
INTERACTIONS BETWEEN FORMALDEHYDE 
AND THE PROTEIN REACTIVE GROUPS
6.1 AIMS
The aim of this study was to investigate:
SH groups and SS bonds as indicators of denaturation and 
cross-linkage using fish sarcoplasmic and salt 
extractable proteins subjected to varying concentrations 
of FA and frozen storage at -20°C or -30°C. 
the effect of formaldehyde on protein hydrophobicity; 
and
the effect of formaldehyde on myosin ATPase activity.
6.2 INTRODUCTION
6.2.1 Sulphydryl (-SH) and disulphide (-SS-) groups
The functional importance of sulphydryl groups (-SH) and 
disulphide bonds (-SS) has been studied widely in food 
processing (e.g. Jocely, 1972; Friedman, 1973; 
Tortschinski, 1974; Benesch and Benesch, 1962; Friedman, 
1973; Ashworth, 1976). These investigations have related 
mainly to dairy products, egg white, cereals, beer and meat 
(Beveridge et al., 1974) . There have been a few reports on 
the biochemical changes that occur during frozen storage of 
fish muscle particularly on the effects of temperature 
fluctuation (Chu and Sterling, 1970; Fennema, 1981; 
Beveridge et al., 1974).
There are several reagents used for the determination of SH 
groups. Ellman (1959) introduced 5, 5'-dithiobis-(2-
nitrobenzoic acid) DTNB (Ellman's reagent) which has been 
widely used for the determination of -SH groups and -SS~ 
bonds (Bowers, 1972; Boyne and Ellman, '1972 ; Dube et a.i., 
1972; Habeeb, 1972; LeBlanc, 1992).
Principle of the method
In basic solutions, DTNB, which contains a disulphide bond, 
reacts with dissociated -SH groups in proteins as follows:
0 0 0 ,
coo
protein-S 02 N----<, \---ss . m.
( I )
COO
NO
©
(III)
Figure 6-1 Reaction of protein with DNTB to produce 
Mesomeric 3 -car.boxy-4-nitro~thio-phenolate.
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The resultant compound is an anion of the mesomeric 3- 
carboxy-4-nitro-thio-phenolate. The lemon-yellow colour is 
then measured spectrophotometrically at 412nm.
Determination of -SH and -SS- groups
In certain proteins, in their native state in aqueous
solution, the total number of -SH groups is not available
for reaction with the chemical reagent DTNB (Ashworth,
1976). This might be due to steric hindrance of -SH groups
by the specific structure of proteins; interaction of -SH
groups with other functional groups and due to repulsive
forces between hydrophillic reagents and hydrophobic
groups. Denaturing agents such as urea, guanidine
hydrochloride and SDS or heating usually eliminate these
\inhibiting influences probably due to the unfolding of the 
three dimensional structure of proteins which exposes -SH 
groups. Denaturation of proteins may enable oxidation of - 
SH groups to form -SS- bonds. This can be prevented by the 
addition of EDTA (Calcutt and Doxey, 1962).
For analytical purposes, it is often necessary to classify 
the analysis into determination of available, unavailable 
and total -SH groups. The available -SH groups are 
determined in a non-denatured sample (Habeeb, 1972; LeBlanc 
and LeBlanc, 1992) whereas the unavailable groups are not 
measurable but are calculated as the difference between the 
total -SH content and the total -SH groups measured after 
denaturation of the proteins by denaturing agents such as
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SDS. The reaction of DTNB with protein -SH groups is faster 
and more complete when the protein is allowed to denature, 
therefore the determination of total protein -SH requires 
that the protein be denatured (Diez et al., 1964; LeBlanc, 
1992).
Determination of -SS- groups is based on the determination 
of SH groups after reduction of -SS- to -SH groups. This is 
carried out in two stages, by reduction of the -SS- bonds 
to SH groups and determination of the SH groups formed. £- 
mercaptoethanol and DTT are the commonest reagents used for 
this purpose (Habeeb, 1972; Beveridge et al., 1974;
LeBlanc, 1992; Cleland, 1968). For a complete reduction of 
protein -SS- bonds, the presence of a denaturing agent such 
as urea, guanidine hydrchloride or SDS are required.
6.2.2 Myosin ATPase Activity
The background information relating to myosin ATPase 
actvity has been described previously (see Section 2.8).
6.2.3 Protein Hydrophobicity
As previously discussed in Section 4.2.2, solubility is an 
important property governing the functional behaviour of 
proteins and their potential application in food 
processing. The importance of a highly soluble protein 
content on the emulsification capacity of meat proteins is 
well documented (Kinsella, 1976). However, solubility by 
itself is not a good predictor of emulsifying or other
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functional properties. The literature supports the 
hypothesis that hydrophobicity also plays a crucial role in 
determining the functional properties of proteins (e.g. 
Davis et al., 1973; Horiuchi and Fukushima, 1978; Shimada 
and Matsushita, 1980) . Increased hydrophobicity is related 
to a greater exposure of hydrophobic groups on the protein. 
New orientation of the hydrophobic amino acid groups push 
non-polar groups to the surface and polar groups towards 
the interior of the molecule (LeBLanc, 1992) . Protein 
denaturation can reduce functionality and is usually 
measured as a loss of solubility. Generally, soluble 
proteins possess superior attributes for most applications 
in food processing. Bigelow (1967) proposed that 
hydrophobicity of protein controlled the protein 
solubility. In general the lower the hydrophobicity of a 
particular protein the higher would be the predicted 
solubility.
Determination of Protein Hydrophobicity
Relative protein hydrophobicity has been assessed by many 
methods including reversed phase chromatography (van Oss et 
al. , 1979); binding of hydrocarbons to proteins
(Mohammadzadeh et al., 1969) and hydrophobic partition 
between two phases containing dextrans with polyethylene 
glycol (Shanbahag and Axelson, 1975). The most widely used 
method utilises a fluorescence probe such as cis-parinaric 
acid, which has the formula
CH3CH2CH=CHCH=CHCH=CHCH=CH (CH2) 7cooh
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and which fluoresces under a hydrophobic environment (Kato 
and Nakai, 1980; Shimuzu et al., 1986). Cis-parinaric acid 
is a natural polyethylene fatty acid and probably acts 
similarly to natural lipids when interacting with proteins.
Studies on the relationship between hydrophobicity and 
functionality of food proteins have concentrated mainly on 
protein emulsification ability (Kato and Nakai, 1980; 
Voutsinas, 1983a) foaming ability (Horiuch et a l. , 1978;
Townsend and Nakai, 1983) and thermal denaturation changes 
(Shimada and Mastushita, 1980; Voutsinas et a l ., 1983b).
6.3 EXPERIMENTAL
6.3.1 Investigation of the effect of formaldehyde on the 
-SH and -SS- levels of the sarcoplasmic and salt 
extractable proteins using Ellman's reagent
6.3.1.1 Materials
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), sodium dodecyl 
sulphate, tris-(7-9)-(Tris(hydroxymethyl)amino-methane, 
formaldehyde and S-mercaptoethanol were all obtained from 
Sigma Chemical Co. Ltd., Poole, Dorset. Disodium hydrogen 
phosphate (anhydrous), sodium dihydrogen phosphate, 
trichloroacetic acid, glycine and urea were all "Analar" 
grade obtained from BDH Chemicals Ltd., Poole, Dorset.
Equipment
Kontron Instruments Spectrophotometer Uvikon 860.
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6 . 3 . 1 . 2  R e a g e n t s  
Sodium phosphate buffer (pH 8.0)
Solution A, 0.2 M Na2HP04 of Na2HP04.12H20 and 
Solution B: 0.2 M NaH2P0o or NaH2P04. 2H20 .
30.5ml solution A was mixed with 19.5ml solution B and made 
up to 100ml with distilled water.
Preparation of the Ellman's Reagent
DTNB, 0.036g; was dissolved in 10ml sodium phosphate buffer 
pH 8.0.
6.3.1.3 Method
Measurement was made of total -SH groups, available -SH 
groups and -SS- bond levels of the sarcoplasmic and salt 
soluble proteins from fish muscle. Ellman's method (1959) 
modified according to Leblanc (1992), Habeeb (1972) and 
Beveridge (1974) was used. Formaldehyde was added to salt 
extractable and water soluble proteins to give final 
concentrations of 0.0003, 0.0006, 0.0012, 0.0018, 0.0024
and 0.003% (v/v) FA. Samples were then stored for 4 days at 
-20° C  to mimic the conditions used in freezing products in 
the fishing industry. The use of -20°C was also preferred 
as higher temperatures, such as those used in refrigerators 
( 4 ° C  to 5°C) , may lead to protein denaturation by bacteria, 
proteolytic enzymes and fat oxidation products interfering 
with the analysis of the effects of formaldehyde. The 
samples were thawed and used immediately for the estimation 
of sulphydryl groups and disulphide bonds.
2 5 0
M e a s u r e m e n t  o f  t h e  t o t a l  -S H  ( - S H  a n d  r e d u c e d  - S S - )
The total -SH groups were measured in duplicate. A 0.5ml 
protein solution was added to a 4ml 0.08M sodium phosphate 
buffer pH 8.0, containing 2% (w/v) SDS and 0.5mg/ml EDTA. 
Then 0.1ml Ellman's reagent was added. After 15 minutes 
incubation at room temperature the absorbance was read at 
412nm. A reagent blank containing 0.5ml instead of the 
protein solution was also run concurrently.
Measurement of Available -SH (free and reactive --SH) 
groups
The available -SH content of the protein solutions were 
determined in duplicate by mixing 4 ml 0.086 M Tris-Glycine 
buffer (pH 8.0) containing 0.12 % (w/v) EDTA and 0.5 ml
sample of known protein content, and 40 /jlI Ellman's 
reagent. After two minutes incubation at room temperature 
the solutions were transferred to a cuvette and read in a 
spectrophotometer at 412nm, concurrently with the 
determination of a reagent blank.
Estimation of Disulphide Bonds (-SS-) after Reduction to ■- 
SH
The -SS- content of the protein solutions was determined in 
duplicate. A 1.0ml protein solution was incubated in the 
presence of 20/zl E-mercaptoethanol at room temperature. 
After 1 hour, 5ml 12% (w/v) TCA [30 minutes] was added in 
order to precipitate the proteins. The precipitate was 
dissolved in 4ml 8M urea in 0.086M Tris-glycine buffer, pH
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8.0. The colour was developed by the addition of 40+1 
Ellman's reagent and the absorbance read 
spectrophotometrically at 412nm after 10 minutes.
Calculation of the -SH and -SS- groups.
To calculate the -SH groups the following equation 
according to Ellman (1959) was used. The number of 
sulphydryl groups were expressed as mM -SH/g protein.
A . D
Equation: Co =------
E
where:
Co = original concentration (mol. -SH groups)
A = Absorbance at 412 nm.
E = Extinction coefficient of DTNB, (13,500 M/cm)
D = Dilution factor, 10.8, 9.72 and 10.0 for total 
SH-, available -SH and -SS- respectively.
6.3.2 Investigation of the effects of formaldehyde on 
myosin ATPase activity
6.3.2.1 Method
Myosin solutions were prepared according to the method of 
LeBlanc (1989) Section 2.7.2.1. Formaldehyde solutions: 
0.001, 0.002, 0.004, 0.008, 0.016, 0.032, 0.064 and 0.128% 
(v/v) were prepared in distilled water. Myosin solutions 
(0.25ml) were added to 0.25ml formaldehyde to final 
formaldehyde concentrations of: 0.0005, 0.001, 0.002,
0.004, 0.008, 0.016, 0.032 and 0.064% (v/v). The solutions 
were incubated at 4°C for 20 minutes. The myosin ATPase 
activity was then estimated essentially according to the 
principles of Perry (1955) Section 2.8.
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6.3.3 Determination of protein hydrophobicity
6.3.3.1 Materials
Butylated hydroxyanisole (BHA), sodium dodecyl sulphate 
(SDS) and BSA Fraction V were obtained from Sigma Chemical 
Company Ltd, Poole, Dorset, cis-Parinaric acid: K and K
Rare and Fine Chemicals, Kodak Ltd, Kirby, Liverpool. All 
other chemicals were of analytical grade from BDH Chemicals 
Ltd., Poole, Dorset.
Equipment and operating conditions:
Perkin -Elmer LS-5 Luminescence Spectrophotometer was set 
up as follows:
325nm 
420nm 
1 0 . 0 m m  
2 . 5m 
1 0
Excitation:
Emission:
Slit width (Excitation) 
Slit width (Emission) 
Fixed scale
6 .3 .3 .2 Reagents
Preparation of phosphate buffer ( p H  7.4)
Phosphate buffer (0.01 M) pH 7.4 was prepared according to 
Dawson (1972).
Preparation of cis-parinaric acid (CPA)
CPA was supplied in absolute ethanol at a concentration of 
3. 6xlO'10M, purged with nitrogen and contained an equimolar 
amount of butylated hydroxyanisole (BHA) as an antioxidant.
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6.3.3.3 Method
Surface hydrophobicity was determined by the method of Kato 
and Nakai (1980), using cis-parinaric acid as a fluorescent 
probe (Sklar, 1977, 1976). The cis-parinaric acid-protein
fluorescence was measured in a Perkin Elmer LS-5 
luminescence spectrophotometer. Excitation wavelength was 
set at 325nra and emission at 420nm. The slit width was set 
at 10mm for both excitation and emission. The scale was 
fixed at 1. The measurements were performed by adding cis- 
parinaric acid (10+1) to the protein-formaldehyde solution 
(2ml). A mixture of 0.1M phosphate buffer (pH 7.4) with 5% 
(w/v) sodium chloride, NaHC03 (pH 7.2) and water for salt 
extractable and water soluble proteins respectively were 
used to blank the fluorimeter. The volume used corresponded 
to those used in the preparation of the protein- 
formaldehyde mixtures. Fluorescence readings without the 
addition of cis-parinaric acid was subtracted from the 
reading of the corresponding sample with cis-parinaric 
acid. Fluorescence intensity was plotted against protein 
concentration and the regression gradient calculated.
Treatment of BSA, salt extractable protein and 
sarcop [lasmic proteins with formaldehyde. 
Bovine Serum Albumin (BSA)
Stock solutions of formaldehyde (0.001M, 0.005M and 0.1M)
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were prepared in phosphate buffer (0.1M pH 7.4). BSA (0.1% 
w/v) was then prepared in these solutions and diluted with 
distilled water to a final concentrations of BSA between 
0.0003% (w/v) and 0.01% (w/v). The solutions were then
incubated at 4°C for 2 hours.
Salt extractable and sarcoplasmic proteins
Sarcoplasmic and salt extractable proteins were extracted 
according to Section 2.6.2.2 and 2.6.2.1 respectively. The 
proteins were diluted to final concentrations of 0.64mg/ml 
with 5% (w/v) sodium chloride, 20mM NaHC03 (pH 7.2) and
distilled water for salt extractable and water soluble 
proteins respectively. These protein solutions were mixed 
in a ratio of 1:1 with formaldehyde solutions (0.002 or 
0.01 M) to a final concentration of 0.32mg/ml protein and 
0.001M and 0.005M formaldehyde. The mixtures were incubated 
at 4 °C for 2 hours and diluted with their respective 
extracting solutions to final protein concentrations of
0.001, 0.002, 0.004, 0.008 and 0.016 and 0.032mg/ml.
Measurement of exposed hydrophobicity in the presence of 
SDS (1% w/v)
The preparation of the BSA, salt extractable and water 
soluble proteins was as described above. The only 
modification was the addition of SDS (1% w/v) to the stock 
formaldehyde solutions.
Measurement of total hydrophobicity in the presence of SDS
2 5 5
Stock solutions of formaldehyde (0.005M) containing SDS (1% 
w/v) were prepared in phosphate buffer (0.1M pH 7.4). BSA 
(0.1% w/v) was then prepared in these solutions and diluted 
with phosphate buffer to final concentrations of BSA 
between 0.0003% (w/v) and 0.01% (w/v). The solutions were 
then incubated at 4°C for 2 hours and boiled for 5 minutes, 
cooled under running cold tap water and the hydrophobicity 
measured as previously described.
6.4 RESULTS
-SH groups and -SS- groups
The changes in protein concentration (Appendix 6.1), total 
-SH groups, available -SH and -SS- bonds (Figure 6-2) 
obtained from cod (Gadus morhua) salt extractable and 
sarcoplasmic fractions during a period of three months 
storage at -20°C and -30°C are shown. Data distributions 
were assessed using the Kolmogorov Simornov Goodness of Fit 
Test. All data were normally distributed (P>0.05) and 
parametric analysis were used (Table 6-1).
(1% w/v) and heated protein solutions
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Table 6-1 Regression gradients of the total -SH groups (raM/lOOg protein), available -SH groups (mM /100g protein) and -SS- bonds (mM /100g protein) at -20°C and -30°C for a period of three months.
Analysis -20 °C -30 °C
Total -SH group (mM/lOOg) -0 . 078±5 . 9xl0‘3 -0 .31±5.5xl0‘3
Available SH groups (mM/lOOg) -0 . 059+4 . 4xl0"3 -0 . 037±4 . 89xl0"3
-SS- bonds (mM/lOOg) -1.00xl0'3x±3 .148xl0“4 -1.7xl0"3±3 .48x10-4The values are regression gradients obtained from the mean values (n=4).
1. The reduction in the total SH groups at -20°C was significantly higher (P<0.0005) than at -30°C.2. The data at -20°C and -30°C showed no significance at P<0.103. The values for -SS- bonds at -20°C and -30°C were not statistically different at P<0.10.
At both temperatures there was a decline in total -SH and 
available -SH groups (Figures 6-2). The decrease in total - 
SH groups was significantly temperature dependent. The 
decline was faster at -20°C than at -30°C. Available -SH 
groups and -SS- bonds appeared not to be affected during 
frozen storage of fish.
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Time (months)
Figure 6-2 Comparison of the change in total -SH groups, available SH groups and -SS- bonds at -20°C and -30°C.
Figure 6-3 shows the changes in total -SH groups, available 
-SH and -SS- bonds of the salt extractable and sarcoplasmic 
proteins after exposure to varying concentrations of 
formaldehyde. Increasing formaldehyde concentration 
resulted in a gradual decline in both the total SH groups 
and available -SH groups. There appeared to be no change in 
the -SS- content with increasing formaldehyde 
concentration.
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Figure 6-3 Comparison of varying concentrations offormaldehyde on -SH groups and -SS- bonds of water and salt extractable proteins for cod (Gadus morhua) . Formaldehyde concentrations are expressed as % xlO-1
Mvosin ATPase activity
The addition of formaldehyde resulted in a decline in fish 
myosin-ATPase activity (Figure 6-4). The initial enzymic 
activity of the control was 13.88±0.24 nmol/min/g protein. 
This activity could not be detected at the highest 
formaldehyde concentration (0.064% v/v) used in this study.
Available SI—I groups<salt soluble)
\
\
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Figure 6-4 Effects of formaldehyde on cod (Gadus morhua) myosin ATPase activity. The formaldehyde concentrations are expressed as % xlO"1
Protein hydrophobicity
The fluorescence intensity values of cis-parinaric acid in 
the presence of native proteins, formaldehyde modified or 
those modified by a combination of formaldehyde-SDS are 
shown in Figures 6-5, 6-6 and 6-7. The initial slope for
all the protein fractions examined was dependent on the 
protein concentrations. The curves were linear at lower
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concentrations corresponding to values below 0.006%, and 
0.02% for BSA, salt extractable and water soluble proteins 
respectively. At high concentrations of protein, the 
changes in fluorescence intensity was slight despite an 
increase in protein concentration. Exposure of proteins to 
formaldehyde resulted in the curves of fluorescence 
intensity against increase protein concentrations being 
displaced to the right. The results were statistically 
significant (P<0.0005). Inclusion of SDS (1% w/v) as a 
denaturing agent to the reaction mixture of the protein 
treated with formaldehyde (0.005M) resulted in a further 
decrease in fluorescence intensity readings which led to an 
additional displacement of the curves to the left. Heating 
of BSA solution treated with 0.005M FA and in the presence 
of SDS (1%) resulted in higher fluorescence reading with a 
concomitant displacement of the curves to the left.
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Figure 6-5 Effect of formaldehyde and SDS on the hydrophobicity of BSA measured with a fluorescence probe cis-parinaric acid.
Protein (%)
0.005M FA
--- ---  0.005M + FA+ SDS
-- 0.005M FA + SDS +
HEATING
Figure 6-6 Effect of heating on the formaldehyde (0.005M) and SDS treated BSA measured with a fluorescence probe cis-parinaric acid.
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A80 j
 0.0 M  FA
 0.001 M  FA
- - - 0.005 M  FA
- —  0.005 M  FA + SDS
0.02 0.04 0.08
Protein (mg/ml)
0.16 0.32
B
0.0M FA
-  0.001 M  FA 
* 0.005 M  FA
- 0.005M + FA + SDS
0.01 0.02 0.04 0.08
Protein (mg/ml)
0.16 0.32
Figure 6-7 Effect of formaldehyde and SDS on the hydrophobicity of cod (Gadus morhua) proteins as follows: (A) sarcoplasmic proteins and (B)salt extractable proteins measured with a fluorescence probe cis-parinaric acid.
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1 2 3 4 5
BSA 1910.9±146 1060.8±12 7 500 .8±85 440 . 8±79 1920±242
SPP 1790.0±259 654.5±162 304 . 0±121 280.1±107
SEP 2362.0±287 1855.9±179 770 .4±116 375 .6±64 * * * * * *
Table 6-2 Investigation of the effect of formaldehyde,SDS and heating on protein hydrophobicity. The results represent the regression gradient from fluorescence intensity vs concentration of the following proteins: Bovine serum albumin (BSA) , sarcoplasmic protein (SPP) and salt extractable protein (SEP). (1) Control, (2) 0.001M FA, (3)0.005M FA, (4) 0.005M FA plus SDS (1% w/v) , (5)0.005M FA plus SDS (1% w/v) and heated(95°C), 5 minutes.*** No interpretable results were obtained due to turbidity on heating the salt extractable and sarcoplasmic proteins.
6.5 DISCUSSION
-SH groups and -SS- bonds
In the current study, both the total -SH and available -SH 
groups in Atlantic cod (Gadus morhua) decreased during 
storage at both -30°C and -20°C. These findings are in 
agreement with earlier studies of LeBlanc and LeBlanc 
(1992) and Lim and Haard (1984) in both water and salt 
soluble fractions of Greenland halibut. Equally, Hofmann 
and Hamm (1978) reported a net decrease in the available - 
SH content for cod. A decrease in -SH content was also 
found in iced fish in the absence of protein aggregation 
(Buttkus, 1970) . The results reported by Khan et al. (1966) 
showed a decrease in -SH groups at high temperatures (-10°C 
to -18°C). Khan suggested that the decrease in -SH groups 
could be employed as an index of protein damage
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during frozen storage. However, it is noteworthy that there 
are numerous natural factors that affect -SH group 
determination. For example, the -SH groups decrease during 
rigor and increase again during relaxation of muscle 
(Hofmann and Hamm, 1978) . Unsaturated fatty acids are able 
to react with -SH groups, probably with the -SH groups 
being added to double bonds. Furthermore, -SH groups can be 
oxidised by fatty peroxides which may be formed during 
frozen storage (Robinson, 1966). The decrease in the number 
of SH groups after the addition of FA in the current 
project was possibly due to the fact that FA reacts with ot- 
and e- amino groups as well as with -SH groups of proteins 
and amino acids and is thus able to act as a crosslinking 
reagent between different monomers (Buttkus, 1969; Habeeb 
and Hiramoto, 1968) . These reactions may make SH groups 
unavailable for determination.
The -SS- content of both the sarcoplasmic and salt
extractable fractions seem not to be affected by freezing 
nor by the exposure to varying concentrations of
formaldehyde. The fact that no changes were found between 
the values obtained for -SS- content before frozen storage 
and during frozen storage would suggest that no -SS- bonds 
were formed prior to and during frozen storage. An
interesting observation was that there was no change in - 
SS- bonds during frozen storage of fish at both
temperatures investigated suggesting that oxidation of -SH 
to -SS- groups was not involved. The autoxidation of SH to
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SS is catalysed, amongst other things by trace elements, 
for example Cu2+ ions (Hofmann and Hamm, 1978) . The addition 
of EDTA (a chelating agent) to the buffer used during the 
current experiments would be expected minimise such a 
possibility. Thus, the decrease in detectable -SH groups 
cannot be attributed to the buffer system. It was noted 
that the addition of formaldehyde led to a decrease in the 
total and available -SH groups. The mechanism is not clear 
but it is likely that formaldehyde is a facilitator 
allowing -SH groups to interact with neighbouring molecules 
to form intermolecular covalent bonds which is an important 
factor in the aggregation polymerisation process (Buttkus, 
1974) . The results indicated that the detected -SS- bonds 
varied within a small range independent of variations in 
formaldehyde concentration. It thus seemed that FA had no 
effect on -SS- bonds. An increase in -SS- bridges upon the 
addition of formaldehyde was not expected, since 
formaldehyde is not a thiol group donor. In a wider 
analytical context, several factors that hinder the 
interpretation of the results of -SS- bond determination 
have been shown by different investigators. The number of - 
-SS- bonds is influenced by the physiological state and age 
of the animal. Stressed and older animal are known to 
contain high amounts of -SS- bonds (Hofmann and Hamm, 
1978) .
It is worth noting that the literature indicates 
discrepancies regarding the changes in the total -SH and
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the available -SH group content during frozen storage of 
different food products. A few workers have reported no 
detectable changes, some have observed an increase, while 
others have reported a gradual decrease in the free -SH 
groups during frozen storage. Early experiments by Connell 
(1960, 1969) were unable to detect changes in total -SH
groups in cod flesh during frozen storage for up to 3 years 
at -14°C, -22°C and -29°C. Buttkus (1970), Mao and Sterling 
(1970b) and Poulter and Lawrie (1978) reported no change in 
SH content of blackfish (SDS-soluble fraction), rockfish, 
whiting, herring, lemon sole, skate, cod, rabbit and trout 
samples. LeBlanc and LeBlanc (1992) noted that this 
discrepancy may have been due to the presence of blocking 
agents such as sulphites and N-ethylmaleimide included in 
protocols used in the -SH determinations. These compounds 
may prevent the formation of -SS- bonds (Buttkus, 1970; 
Mathews et al., 1980).
Investigators who have reported an increase in the number 
of -SH groups include Husain and Aim (1955) who 
investigated the influence of frozen storage on egg white 
and cod fillets at -4°C to -20°C for 130 days. Dzinleski et 
al. (1969) found that -SH groups of proteins in beef muscle 
increased during frozen storage (3 months at -18°C). These 
findings seem to suggest that frozen storage leads to 
denaturation resulting in a release of reactable -SH 
groups. However, foods are complex systems with numerous 
reactive groups and therefore interactions between -SH
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Effects of formaldehyde on mvosin ATPase activity
Because insolubility is not an altogether satisfactory 
criterion for the measurement of fish protein aggregation, 
other evidence of formaldehyde protein denaturation was 
sought. Myosin, the main myofibrillar protein, splits ATP 
and therefore by measuring the ATPase activity in the 
presence of formaldehyde it was hoped to provide a measure 
of protein denaturation. Myosin was chosen since it is 
known to denature quickly in the presence of formaldehyde.
Exposure of fish myosin to formaldehyde led to a reduction 
in myosin ATPase activity. Jiang and Lee (1985) argued that 
protein quality is considered to be more sensitively 
reflected by enzymatic activity rather than by 
extractability. This is attributed to the small 
microstructural changes in protein molecules which result 
in alterations in enzymatic activity. The results obtained 
in the current experiments suggested that formaldehyde 
denatures myosin, possibly by reducing the -SH groups which 
play a role in the functionality of myosin (Taylor, 1972; 
Hofman, 1978) . It has been reported that 50% of myosin 
ATPase activity is lost when five groups of the 42 -SH 
groups of myosin are blocked (Hofmann, 1978). Hence a 
blockage of these groups by formaldehyde would be expected 
to lead to a reduced ATPase activity.
groups and food components are probable.
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BSA was selected for comparison with the salt and 
sarcoplasmic proteins in these studies since it is 
documented that its high fluorescence reading using the 
cis-parinaric acid as a probe is due primarily to the 
hydrophobic amino acid tryptophan (Sklar et al. , 1977; Kato 
and Nakai, 1980). Furthermore, formaldehyde is known to 
bind preferentially to tryptophan (Papervergou and 
Clifford, 1992) . The hydrophobic protein BSA has 2 
tryptophan and 20 tyrosine residues (Longworth, 1971). The 
relative hydrophobicity of native proteins and 
formaldehyde-treated proteins in the absence of a 
denaturing agent (SDS 1% w/v) or heating did not give a 
straight line relationship between fluorescence intensity 
and protein concentration. The fact that in this aqueous 
solution there was not a straight line relationship agrees 
with the data in the literature suggesting that BSA forms 
micelles in aqueous solutions in the absence of SDS (Murphy 
and Howell, 1990) . Formation of micelles is energetically 
favourable since BSA has a high surface hydrophobicity 
owing to its physiological function of transporting anionic 
amphiphiles around the body (Tanford, 1980).
It was noted that at high protein concentrations for both 
the native and modified BSA and fish muscle proteins there 
was no further increase in fluorescence intensity values. 
The diminished increase in fluorescence intensity at high 
protein concentrations was interpreted to indicate that no
Protein hydrophobicity
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further binding occurred as only a small amount of free 
cis-parinaric remained. There was a pronounced displacement 
of the curves to the right as a result of the decrease in 
fluorescence intensity with increasing formaldehyde 
concentrations. The gradients of the plots of fluorescence 
intensity and protein concentrations were calculated by 
linear regression and indicated that a displacement of the 
curves to the left and right corresponded to low and high 
regression gradients respectively. Thus the curve 
displacement to the left at high formaldehyde 
concentrations suggested the involvement of the hydrophobic 
residues in the molecular aggregation process leading to 
muscle toughness. During the reactions of formaldehyde with 
proteins it appeared that the conformation of the protein 
changed so that the nonpolar amino acid residues were 
turned into the interior of protein molecules thus 
inhibiting the binding of cis-parinaric acid and making 
these hydrophobic sites unaccessible for measurement.
Protein hydrophobicity in the presence of SDS or a 
combination of SDS and heating
The reaction between cis-parinaric acid and the proteins 
examined in the presence of 0.005M formaldehyde and SDS 
produced fluorescence of lower intensity. Increased protein 
hydrophobicity is related to increased exposure of 
hydrophobic groups (Nakai, 1983); the non-polar groups 
orient at the surface whereas the polar groups orient 
towards the interior of the protein. This was expected with
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the denaturing agent SDS which should expose the 
hydrophobic amino acids. The low readings in the presence 
of SDS obtained in these studies may be explained by the 
binding ability of SDS to the hydrophobic groups. This 
reaction limits accessibility of the hydrophobic groups to 
the fluorescent probe and therefore to measurement. The 
phenomenon of SDS binding with hydrophobic amino acids was 
explored by Kato et al. (1984) in the development of a
method for the estimation of protein hydrophobicity. The 
fact that detergents bind to proteins is well documented 
(Steinhardt and Beychock, 1964). Reynolds et al. (1967)
stated that BSA binds approximately ten anions of SDS. 
Murphy and Howell (1990) found micelle formation of SDS 
with BSA and low exposed hydrophobicity values.
BSA heated in the presence of SDS resulted in a linear 
relationship between fluorescence intensity and protein 
concentration. In contrast the results from the heated 
sarcoplasmic and salt extractable proteins could not be 
interpreted since on heating the protein solutions turned 
turbid. The high readings upon heating were interpreted to 
mean that heating resulted in protein denaturation which 
made the hydrophobic amino acid residues available for 
measurement with the fluorescent probe.
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6 . 6  CONCLUSION
The mechanism by which frozen storage and intentionally 
added formaldehyde affect the number of SH groups is not 
well understood. Observations regarding gradual loss of SH 
seem to indicate the possibility that crosslinks form 
between several adjacent molecules by formaldehyde. More 
knowledge is required on the type and site of cross-linking 
brought about by frozen storage and the role of 
formaldehyde. The conflicting results reported in the 
literature regarding the -SH groups seem to be due largely 
to the different reaction conditions employed by different 
investigators. The reaction of formaldehyde with proteins 
resulted in the conformational change of the protein which 
was manifested in a reduction of hydrophobicity measured by 
cis-parinaric acid. These results implied that hydrophobic 
interactions were involved in fish protein aggregation.
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CHAPTER 7
CHANGES IN AMINES AND FORMALDEHYDE 
IN FROZEN STORAGE OF FISH
The aims of this study were to monitor the changes in total 
volatile bases (TVB), TMAO, TMA, "free" formaldehyde (FFA) 
and "bound" formaldehyde (BFA) in cod (Gadus morhua) muscle 
subjected to storage temperatures of -20°C and -30C° for 
the same period of time.
7.2 INTRODUCTION
7.2.1 Amines and formaldehyde (FA) in frozen fish
The pathways involved in the degradation of trimethylamine 
oxide (TMAO) to trimethylamine (TMA) , dimetyhlamine (DMA) 
and formaldehyde (FA) have been discussed in Chapter 1. In 
essence, during frozen storage of fish, there is a general 
gradual textural deterioration, in particular with the 
Gadidae family (Herbard, 1982). In refrigerated fish 
muscle, TMAO is reduced by psychrotrophic microorganisms 
(Pseudomonas sp) (Shewan, 1962) to TMA. Because of its 
direct relation to bacterial growth and decomposition, TMA 
has been suggested as a spoilage indicator by a number of 
researchers (eg. Walker, 1970; Connell and Shewan, 1979; 
Stroud et al., 1982). In contrast, during frozen storage of 
fish the decomposition of TMAO to DMA and FA is attributed
7 .1 AIMS
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to the action of the endogenous enzyme TMAO-oxidase. FA is 
believed to react with the fish muscle proteins leading to 
undesirable textural changes (e.g. Herbard et al., 1982; 
Regensetien et al., 1982). It has been suggested that both 
TMA and DMA should be employed as indicators of quality 
control of frozen gadoid fish (Castell et al., 1974); TMA
as a pre-frozen quality index and DMA as an index of 
deterioration during prolonged storage. The relationship 
between DMA and FA contents during frozen storage is linear 
independent of the type of product and storage temperature 
(Boeri et al., 1993).
7.2.2 Determination of formaldehyde and the interference by 
free amino acids
Due to the manifold reactions of formaldehyde and the 
difficulties encountered in its determination, preliminary 
work in the current project concentrated on the 
optimisation of FFA and BFA recoveries.
FA is a highly reactive electrophile which reacts with 
nucleophiles or at nucleophilic centres in many common 
constituents of food. These reactions yield a wide range of 
products which differ in their chemical and physical 
properties. Such reactions can occur during the normal 
handling or processing of food, in which case the 
associated products become normal constituents of the food. 
In addition, such reactions may take place during the 
analysis of the food for FA content, especially if the
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sample is heated, in which case the products are considered 
artifacts. The formation of such products makes it 
difficult to both monitor the formation of FA during food 
handling and processing and to determine the level of FA 
remaining in the food after any transformation which is 
characteristic of normal processing.
It has become an accepted practice when analysing frozen 
fish and associated products to calculate indirectly the FA 
content from the DMA content (Kelleher, 1981; Castell, 
1971) . This procedure may be justified in this instance 
because of the conversion by endogenous trimethylamine 
oxidase (TMAO-oxidase) to equimolar amounts of DMA and FA 
(Harada, 1975). However, this approach is of strictly 
limited applicability. For instance, it makes no allowance 
for the loss of DMA by volatilisation, and ignores FA 
produced by other mechanisms or from external sources such 
as packaging materials or woodsmoke.
In the wider analytical context, it has been necessary to 
consider the various forms in which FA may occur. It must 
be noted that the description applied to a particular form 
may depend on the investigator and the method of analysis 
used in a particular situation. One of the most widely used 
approaches involves the distillation of FA from hot 
acidified solutions, and determination of the FA in the 
distillate (e.g. Highberger, 1938; Nistcham, 1946). Such 
procedures recover unreacted FA and FA which has been
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transformed to acid-labile products, which have been 
described variously as "reversibly bound" and "loosely 
bound" FA (e.g. French, 1945; Castell, 1973; Short, 1975; 
Tome et al., 1985), but not that converted to acid-stable 
products. In brief, such methods may be said to determine 
three things:
a) unreacted, but reactive, FA.
b) FA incorporated reversibly in methylol compounds 
R-NH2+HCHO <------ > R-NH-CH2OH
formed with tryptophan, cysteine, lysine, arginine, 
asparagine, glutamine, serine, histidine and tyrosine 
(French, 1945) , from which it can be displaced by 
disturbing the equilibrium; and
c) FA incorporated as acid-labile methylene bridges (R-CH2- 
R') in adducts between lysine and arginine, asparagine 
or glutamine (Tome et al. , 1985), but such procedures
fail to recover FA that has been incorporated into: 
acid-stable methylene (R-CH2-RX) between lysine and 
tyrosine or two lysine residues (Short, 1975) or cyclic 
products which may form when the amino acid contains a 
second nucleophilic centre. For example tryptophan 
yields 2,3,4,9-tetrahydro-lH-pyrido [3,4-b]indole-3- 
carboxylic acid (Jacobs, 1936; Sugimura et al., 1977;
Papavergou and Clifford, 1992), histidine yields 
1 ,2,3,4- tetrahytdropyrido-3-4-imidazole-6- carboxylic 
acid (French, 1945), cysteine yields thiazolidine-4- 
carboxylic acid (Ratner, 1937) whereas phenylalanine and
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tyrosine yield tetrahydroisoquinoline derivatives 
(French, 1945) .
The present study investigated the degradation of amino 
acids during distillation of bound formaldehyde. In order 
to assess the cause of loss in recovery of formaldehyde as 
estimated by the Nash procedure.
Figure 7-1 Reactions of formaldehyde with proteins.
HTryptophan I! Ut3>4,5,S^etr»hydn>+c«rb*Uoe.Sori>o*yUc add
I.
Hi
Histidine (S-hydroxy-tctrahjdropjTidlne-J-carboxylk: add
CHiVHi*ICOO"Cyateine
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7.2.1 Estimation of free and bound formaldehyde from 
fish muscle
7.2.1.1 Materials
Ammonium acetate, orthophosphoric acid, trichloroacetic 
acid, sodium hydroxide, hydrochloric acid, ethanol and 
hydrochloric acid all of analytical grade and acetonitrile 
(HPLC grade) were obtained from Fisons Scientific 
Equipment, Loughborough, Leics. L-tryptophan, L-tyrosine, 
L-phenylalanine, L-histidine, L-lysine, L-arginine and 
acetyl acetone all of "Analar" grade were obtained from BDH 
Laboratory Supplies, Merck Ltd, Leics. Trifluoroacetic acid 
(TFA), formaldehyde and rosolic acid were obtained from 
Sigma Chemical Co. Ltd, Poole, Dorset.
Apparatus
Quick fit distillation unit.
Fish samples: Fresh cod (Gadus morhua) fillets were
purchased from a local supermarket.
1.2.1.2 Method 
Determination of FA bv the Nash method
Formaldehyde was determined according to Nash (1953) by 
reaction with acetyl acetone in the presence of ammonium 
acetate producing a yellow solution of 3,5-diacetyl-1,4- 
dihydrolutidine. The double Nash reagent was prepared by 
dissolving ammonium acetate (150g) in 500ml distilled water 
to which 2ml of acetyl acetone was added. This was stored
7.2 EXPERIMENTAL
279
in a dark glass container at 4°C until required. A 2ml
aliquot of standard (0-240nmol FA/ml) or sample was added
to 2ml of Nash reagent in a test tube, the contents were 
vortex mixed and the tubes sealed with Nescofilm. After 
incubation for five minutes at 55°C in a water bath, the 
tubes were cooled rapidly with running tap water and placed
in an ice bath. The absorbance was read
spectrophotometrically at 412nm against a water blank. A 
linear response (r=0.996±0.003, n=8) was observed.
Extraction of "free" FA with perchloric acid (6% v/v)
Fish flesh, free from skin and bones, was minced in a 
kitchen mincer and a one gram sample was homogenised with 
1 0 ml of 6% (w/v) perchloric acid (HC10J . The homogenates 
were filtered through Whatman filter paper No. 1 and 2ml of 
the filtrate was used for the determination of formaldehyde 
according to Nash (1953) . The recovery was assessed by 
incubating at 4°C, a homogenate of fish (lg in 10 ml cold 
6 % perchloric acid) to which known amounts of formaldehyde 
had been added.
Extraction of bound formaldehyde bv distillation and method 
optimisation
The extraction was based on a distillation procedure 
according to Rehbein (1987) . To maximise the recovery of 
"tightly bound" formaldehyde, a series of preliminary 
experiments investigated the effects of varying the 
following parameters: (i) the size of the distillation
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flask (50ml or 250 ml round bottom); (ii) the distillation 
procedure; either 30 minutes at 100°C or stepwise 
distillation as described below. The procedure finally 
adopted used one gram of minced fish, 20ml distilled water, 
10% (v/v) phosphoric acid (1ml) and a 50ml round bottom
flask with stepwise distillation. The flask was placed on 
an electric heating unit and connected to a distillation 
unit. The mixture was distilled at setting 4 for 10 
minutes, followed by setting 6 for 10 minutes and finally 
at setting 10 until 15ml distillate had been collected in 
15ml 0.01M HC1. An aliquot (2ml) of the distillate was used 
for analysis according to Nash (1953) . The recovery was 
assessed by distilling mixtures spiked with known amounts 
of formaldehyde.
Assessment of the effects of free amino acids on the bound 
formaldehyde recovery
Amino acid solutions (20ml) were distilled in the presence 
of 1ml phosphoric acid (10% v/v) and 0.25ml formaldehyde 
(final concentration, 0.145mM) and heated (100°C) for 30 
minutes. The liquor was filtered through Whatman filter 
paper No. 1 prior to HPLC analysis. The following amino 
acid preparations were investigated: L-tryptophan (0.001, 
0.002, 0.004, 0.006, 0.008, 0.01, 0.02, 0.03 and 0.06%
(v/v) . For histidine, L-phenylalanine, L-arginine, L-lysine 
and L-cysteine 0.06% (v/v) was investigated.
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Reversed phase HPLC was performed on a 25cm x 4.6 mm column 
packed with Kromasil KR100-5C18-2671 (Hichrom, Theala, 
Berkshire), with a Spectra Physics P4000 gradient pump 
coupled to a Spectra Physics AS3000 autosampler. The 
chromatographic conditions were as follows:
Injection volume: 10pi.
Mobile phase: Solvent A: 0.5% (v/v) TFA in distilled
water.
Solvent B: 0.5% (v/v) TFA in acetonitrile. 
Gradient: Linear gradient from 10% B to 30% B over 60
minutes plus 2 minutes to return to the 
original conditions.
Flow rate: 1.0 mlmin'1
Detection was performed using a Spectra Physics forward 
optical scanning detector set up to scan the UV region 
between 230nm to 280nm. Data collection and processing were 
performed on an IBM PS/2 computer equipped with Spectra 
Focus software.
7.2.2 Determination of nitrogen derived from TMAO, TMA, 
DMA, TVB and formaldehyde in fish samples
7.2.2.1 Principle
The nitrogen content of those volatile bases which do not 
react with formaldehyde was calculated as trimethylamine 
nitrogen. Extracts were made alkaline with sodium hydroxide 
in a distillation apparatus. The bases (TVB, TMAO, TMA) so 
liberated were distilled quantitatively into a standard
Chromatographic analysis of the distillates
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acid (e.g. HC1) and the excess of the acid was then back- 
titrated with sodium hydroxide. Formaldehyde is added to 
the neutralised mixture in order to render amines other 
than trimethylamine non-reactive and the acid released, 
being equivalent to the non-reactive amines, was titrated 
with standard alkali.
7.2.2.2 Reagents
Trichloroacetic acid 5% (w/v), sodium hydroxide (2M,
0.01M), hydrochloric acid (0.01M), formaldehyde 16% (w/v) 
(pH 7) using sodium hydroxide (2M), Rosolic indicator 
solution (Ig rosolic acid was dissolved in 10ml ethanol and 
made to 100ml with distilled water).
7 .2 .2.3 Method
Preparation of the fish TCA extract
This extraction was based on the Analytical Methods 
Committee (1979) procedure. A 50g portion of minced fish 
was extracted with 150ml trichloroacetic acid (5% v/v). The 
homogenates were filtered through a Whatman filter paper 
No.l to a clear extract.
Determination of TMA and TVB
The extract (50ml) and 5ml sodium hydroxide (2M) were added 
to the distillation apparatus and the liberated bases 
distilled into 50ml HC1. The distillate (10ml) was 
collected, 3 drops of indicator were added and the excess 
acid back-titrated with 0.01M sodium hydroxide (Vf to pale
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pink. Formaldehyde solution (1ml) was added to the 
titration flask and the liberated acid back titrated with 
0. (DIM sodium hydroxide (V2) solution to the same end point.
Calculations were carried out as follows (Analytical 
Methods Committee, 1979):
TVB-N (mg/lOOg) = 14(150 + W)VX/500
TMA-N (mg/lOOg) = 14(150 + W)V2/500
where Vx = volume of standard acid consumed, as indicated by 
first back titration; V2 volume of acid released, as 
indicated by second back-titration and W = water content of 
sample, expressed as mg/lOOg.
Determination of trimethylamine oxide
The nitrogen content of the volatile bases liberated on
reduction with titanium (III) chloride was calculated as
trimethylamine oxide nitrogen. The value obtained for the 
content of the sample before reduction was subtracted from 
this value to give trimethylamine oxide content. An extract 
of the sample was prepared in trichloroacetic acid (TCA) as 
described for TMA. The TCA extract (10ml) and 3ml titanium 
(III) chloride solution (stored under nitrogen) was mixed 
and incubated at room temperature for 10 minutes. This 
reduced extract (10ml) was pipetted into the distillation 
unit. Sodium hydroxide (2M) [50ml] were added and the
determination carried out according to the above method for 
TMA. The amount of alkali for the first back-titration (V3) , 
before the addition of FA solution was not recorded.
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TMAO-N (mg/lOOmlg) = 14(150 + W)(6.5V2 - VI)/500 
where Va ml = volume of sodium hydroxide (0.01M) used in 
second back-titration for TMA above; V2ml = volume of sodium 
hydroxide (0.01M) used in second back titration in this 
method (on a 10ml reduced extract).
7.3 RESULTS 
Formaldehyde recovery
Preliminary studies to optimise the distillation procedure 
for the determination of "tightly bound" formaldehyde 
established that better recoveries of the spiked 
formaldehyde were obtained with a 50ml flask (89.7%±1.21, 
n=3) than with a 250ml flask (41.5%±1.98, n=3). The use of 
a three stage distillation process, in which each portion 
of the distillate was collected and analysed separately at 
each stage recovery, gave results of 82.9%±1.41, 5.5%±0.76 
and 40%±2.54 respectively of the spiked formaldehyde. 
Because of a high third value a two stage distillation was 
employed. Distillation of formaldehyde from water was 
greater with a mean recovery of 92.2%±0.22. The 
corresponding distillations from solutions of L-tryptophan 
gave recoveries that declined progressively with increasing 
concentrations of the amino acid as shown in Figure 7-2. 
Chromatography of the distillate from the distillation of 
L-tryptophan in the absence of formaldehyde resulted in the 
elution of a single peak Figure 7-3A. In contrast, 
chromatography of the distillate from the distillation of
Calculation (Analytical Methods Committee, 1979):
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L-tryptophan in the presence of formaldehyde indicated a 
major loss of the original amino acid and the formation of 
new derivatives Figure 7-3B. Some of these derivatives were 
more polar than tryptophan, others had a lower polarity or 
a higher molecular weight. For histidine, phenylalanine, 
arginine, lysine and cysteine no extra peaks were formed in 
the amino acid-formaldehyde mixture. The recovery of free 
formaldehyde from aqueous solution in the absence of a fish 
sample gave a recovery value of 94.54±0.01. The recovery of 
free formaldehyde in the presence of fish muscle decreased 
to 85.2%±4.76.
Tryptophan (%)
Figure 7-2 Effects of tryptophan on the recovery of bound formaldehyde by distillation as measured by the Nash (1953) method. The tryptophan concentrations are expressed as % 10'1
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Figure 7-3 HPLC pattern of tryptophan distillate with and without formaldehyde [270nm] (A) tryptophanalone (B) tryptophan exposed to formaldehyde (0.145mM)/ extra compounds were formed (C) after standing at 4°C for three weeks, the numerous peaks in (B) could not be detected.
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20 30
Minutes
40 50
Final concentration of added FA 9.76
Tissue FA prior to the addition of FA. 12.49±0.08
Expected total FA 32.25
Actual value obtained 30.80+0.1
FA loss 1.45±0.01
Recovered FA 8.31
Recovery of added FA (%) 85.18Table 7-1 FFA recovery from a FA spiked solution. Thevalues are expressed as nmol FA/ml, unlessotherwise indicate. The results are means of triplicate analysis.
TVB, TMAO, TMA, FFA and BFA in frozen fish muscle
Data distribution were initially assessed using the
Kolmogorov Smirnov Goodness of Fit Test. All data were
normally distributed (P>0.05) and parametric analysis was 
used. The regression coefficients obtained were as shown in
Table (7-2)
Analysis i to o o O -30°C
TVB (mg/lOOg) 2.45±0.21* 1.10±0.126*
TMAO (mg/lOOg) -4.10±0.56** -4 . 45±0.62**
TMA (mg/lOOg) 1 .66+0.21*** 1. 37±0.17***
FFA (nmol /ml) 9.21+1.11**** 2 .74±0.30****
BFA (nmol /ml) 16.94±1.31***** 11.23±1.60*****
Table 7-2 Comparison of regression coefficients of thechanges in TVB, TMAO, TMA, FFA and BFA duringstorage at -20°C and -30°C. The results are means values (n = 6) expressed as ±S.E.M * Significantly different at P<0.0005 ** Not significantly different at P<0.1 *** Not significantly different at P<0.1 **** significantly different at P<0.0005kkkkk significantly different at P<0.01
The production of formaldehyde was dependent on the 
temperature of storage (Table 7-2).
Figure 7-4 Changes in the levels of (A) TVB, TMAO, TMA and (B) FFA, BFA during frozen storage of cod (Gadus morhua) at -20°C and -30°C for a period of three weeks.
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Changes, especially in TMAO, TMA, FFA and BFA were observed 
after one month's storage, after which the changes occurred 
more gradually. After one month's storage at -20°C there 
was an increase in TVB, TMA, FFA and BFA by 3.7%, 38.7%, 
71.2% and 55.3% respectively. In contrast, the substrate 
TMAO decreased by 77.07%. A similar trend was observed at - 
30°C storage temperature after one month. TVB, FFA and BFA 
increased by 5.6%, 39.8% and 55.3% respectively. TMAO on 
the other hand declined by 86.4%. After the second and 
third months, the increase at both storage temperatures was 
between 1.8% to 14.56%; 1.5% to 5.87%, 8.3% to 10.6% and 
5.9% to 18.3% for TVB, TMA, FFA and BFA respectively. The 
decrease in TMAO ranged between 10.8%-85.3%. In general, 
the changes were more pronounced at a storage temperature 
of -20°C compared to -30°C.
290
7.4 DISCUSSION 
Formaldehyde recovery
Optimisation of the distillation procedure for the 
determination of BFA established that improved recoveries 
of FA were obtained with the smaller flask (50ml) , than 
with the larger (250ml) flask. The low recovery of BFA 
obtained with the large flask (250 ml) may be attributable 
to the amino acids which during distillation may adhere to 
the large surface area of the glass and condense with 
formaldehyde making it unavailable for determination. The 
fumes generated in the third stage of the distillation 
process presumably resulted from tissue degradation. As 
this production of fumes was unavoidable, a two stage 
distillation procedure was adopted for this study. The 
progressive decline in formaldehyde recoveries upon the 
addition of increasing amino acid concentrations indicated 
that an interaction had occurred between FA and the amino 
acid added. Chromatography of the distillate obtained from 
the distillation of the L-tryptophan solution in the 
absence of formaldehyde resulted in one peak being detected 
at 270nm. In contrast, chromatography of the distillates 
from the distillation of L~tryptophan plus FA indicated a 
major loss of the original amino acid, possibly due to the 
numerous transformation products formed. Some of the 
condensation products formed could be the indolyl methyl 
tetrahydro-carbolines. Not all these transformation 
products could be detected after storage of the distillate
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for 3 weeks at 4°C. Two major transformation products, 
spectrophotometrically similar to tryptophan, were detected 
in the stored distillate. It is possible that the other 
compounds may have become insoluble after storage.
Fresh and processed foods (including fish) are reported to 
contain up to some lOmg/kg (or per litre) of free 
tryptophan (Papavergou, 1992) which in the extraction 
procedure described above would be converted to 0.0001% 
(lmg/litre), approximately 100 times more dilute than the 
standards used in this study. Accordingly, while one must 
conclude that formaldehyde-tryptophan interactions occur 
during distillation processes, the levels of tryptophan 
likely to be encountered are so small as to be of little 
practical significance. In addition, such procedures 
generate free amino acids by protein hydrolysis and may 
thus facilitate the formation of such products. Such 
products at +g/kg to mg/kg concentrations, are normal 
constituents of many foods and beverages, including smoked 
fish (Sugimura et al., 1977; Papavergou and Clifford, 
1992) . The destruction of tryptophan by such reactions is 
potentially most serious when the sample being analysed 
contains an excess of amino acids relative to 
formaldehyde, a situation which in practice may be 
encouraged by a tendency of hot acid to hydrolyse protein 
(Hayase et al., 1975, 1979).
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Changes in TVB. TMAO, TMA, FFA and BFA content on storage
TVB, TMAO, TMA, FFA and BFA assessments in frozen fish at - 
20° and -30°C showed that the decomposition of TMAO was 
accompanied by the formation of TVB, TMA, FA and BFA. 
Examination of the results showed that the least changes 
were observed in the TVB and TMA concentrations. This would 
be expected as both TMA and TVB are essentially 
measurements of bacterial spoilage (Stroud et al. , 1982;
Walker, 1970). At -20°C and -30°C bacterial activity is 
arrested. The determination of TVB is perhaps the oldest 
established method which is widely used and is known to 
correlate adequately with sensory changes during spoilage 
or deterioration (Connell and Shewan, 1979; Ciarlo et al., 
1985). TMA content accounts for 25% of the TVB (Stroud et 
al., 1982). Limited analyses of the extracts by enzymatic 
and gas liquid chromatographic (GLC) techniques show that 
the remainder of the TVB detected is largely ammonia (NH3) , 
with very small amounts of DMA present. The variation in 
TVB level is therefore the sum total of the variations in 
TMA, ammonia and small amounts of DMA. In most fresh water 
fish the increase of TVB during chilled storage is very low 
(Nair et al., 1971), principally because of their low or
negligible content of TMAO; it is accordingly of little 
general value for this group of foods (Shewan, 1979). 
Examination of the results showed that the pattern of both 
FFA and BFA was indeed dependent on the temperature of 
storage. For instance, in the third month of storage, at - 
20°C, the values of FFA and BFA were 38.8 and 83.0nmol/ml
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respectively whereas at -30°C after the same storage 
period, the FFA and BFA values were 18.5nmol/ml and 
65.9nmol/ml respectively.
7 .5 CONCLUSION
Trimethylamine oxide is a precursor of "free" formaldehyde 
and "bound" formaldehyde during frozen storage of fish. 
This indicates that protein denaturation in frozen seafood 
is a result of both the reaction of formaldehyde with 
proteins and the disappearance of trimethylamine oxide 
which has a protects fish proteins from denaturation caused 
by the freezing process.
The low levels of trimethylamine and total volatile bases 
produced at temperatures of -20°C and -30°C suggested that 
the microbiological pathway is of little practical value in 
the assessment of quality of fish products stored at low 
temperatures.
CHAPTER 8
ACTIVATORS AND INHIBITORS OF TRIMETHYLAMINE N-OXIDE 
DEMETHYLASE (TMAOase) FROM ATLANTIC COD (Gadus morhua) 
KIDNEY AND ITS COMPARISON TO THE MICROSOMAL FRACTIONS 
FROM MICE LIVER AND KIDNEY.
8 .1 AIMS
The aims were to extract and purify fish TMAOase and to 
investigate its behaviour under different reaction 
conditions. These included the investigation of effects of 
NADH, NADPH, 02/ carbon monoxide, nitrogen, some 20 amino 
acids and selected phenolic compounds, particularly those 
found in smoked fish, on TMAOase activity. In addition, 
demethylation of the antibiotic Erythromycin A by fish 
TMAOase, mouse kidney microsomes and mouse liver microsomes 
were investigated to assist in the identification of the 
enzyme. Finally, the inhibition of TMAOase by ot- 
naphthoflavone and dimethyl sulphoxide (DMSO) was 
investigated.
8 .2 INTRODUCTION
A detailed review of the available published information on 
fish TMAOase was presented in Chapter 2. The literature 
indicated that during frozen storage of fish, TMAOase 
demethylated TMAO to produce DMA and FA. TMAO is a natural
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component of muscle tissues and visceral organs of sea fish 
and invertebrates where it acts as an osmoregulator 
(Bently, 1971; Love, 1970) . TMAOase, which catalyses the 
breakdown of TMAO, is present in muscles, skin and visceral 
organs (Harada, 1975; Amano and Yamada, 1965a). The 
demethylase is known to be activated by ferrous chloride, 
ascorbic acid, glutathione, methylene blue and 
flavonucleotides (Kostuch and Sikorski, 1982). Cyanide and 
oxaloacetate inhibit the production of DMA and FA from fish 
TMAO (Kostuch and Sikorski, 1982) . The demethylation of 
TMAO to DMA and FA does not depend on the presence of 
oxygen (Reece, 1983; Babbit et al., 1972). The enzyme is 
reported to function optimally within a wide pH range from 
5-7.5. TMAOase activity is not destroyed by freezing and 
frozen storage, it tolerates low temperatures down to -80°C 
without significant loss of activity (Yamada and Amano, 
1965b). However, demethylation is known not to proceed 
below -30°C (Harada, 1975; Tokunaga, 1974).
8.2.1 Rationale of the experiment
The fact that fish TMAOase fractions have the ability to 
demethylate TMAO generated several questions as to whether 
it belongs to the cytochrome P-450 family of enzymes. Many 
of the enzymes with demethylation activity belong to the P- 
450 group. Cytochrome P-450 is a primary catalytic unit in 
microsomal demethylation reactions (Coon and Persson, 1980; 
Schwen and Mannering, 1982). Biological demethylation 
systems in hepatic tissues are responsible for detoxifying
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xenobiotic compounds (Coon and Persson, 1980) . Because P450 
has the ability to demethylate and and due to their 
microsomal location, it was decided to investigate the 
enzyme behaviour under different reaction conditions. The 
experiments performed included the investigation of the 
probable dependency of the system on both the substrate 
(TMAO) and demethylase (TMAOase) concentrations. The assay 
incubation time was also varied.
The TMAOase fractions were studied under both aerobic and 
anaerobic conditions. The term 'aerobic environment' was 
applied when the reaction mixtures for the enzyme assay 
were exposed to room air throughout the incubation period. 
On the other hand, the term 'anaerobic environment' 
referred to the reaction mixtures which had either carbon 
monoxide or nitrogen gases bubbled through the incubation 
mixture. The spectral shift was assessed by the use of 
diothionite in the presence of carbon monoxide. The effects 
of two cofactors, NADH and NADPH, was studied.
No acceptable inhibitors of TMAOase have yet been reported. 
The inhibitors reported for example cyanide, sodium azide, 
hydrogen peroxide (see Section 1.5.1.5) are all either 
toxic or are reported to affect the nutritional value of 
foods. An experiment was thus designed to investigate the 
action of several compounds found and acceptable in food. 
There have been reports suggesting that phenolic compounds 
found in smoked fish have the potency to inhibit the
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production of formaldehyde (Moini and Storey, 1980) . The 
inhibitory mechanism of these phenols is unclear. A variety 
of phenolic compounds found in smoked fish were therefore 
investigated. These included guaiacol, eugenol, isoeugenol, 
veratrole and vanillin. Cysteine, which is known to 
activate TMAOase in situ (Reece, 1983), was also 
investigated. There is, however, no information available 
regarding other amino acids. In this project, the action of 
13 amino acids on TMAOase activity was studied. The amino 
acids studied included the hydrophobic (L-alanine, L- 
valine, L-phenyl alanine, L-proline methionine) , charged (L- 
aspartic acid, L-glutamic acid, DL-lysine, L-arginine), 
polar (threonine, L-cysteine, L-tryptophan) and uncharged 
(glycine) amino acids.
The effects of commonly used non-ionic detergents (Tween 20 
and Triton-X) used for protein purification were also 
examined. Finally the effects of of-napthoflavone, which is 
known to bind to P450 enzymes and the organic solvent 
dimethyl sulphoxide on TMAOase activity were investigated.
8.2.2 Demethylation of Erythromycin A by fish TMAOase and 
microsomal fractions from mouse liver and kidney
Erythromycin A is a macrolide antibiotic whose structure is 
illustrated in Figure 8-1. It is rapidly demethylated by 
microsomal enzymes particularly P450IIIA to yield des-N- 
methyl-erythromycin and formaldehyde. A study was therefore 
conducted to investigate whether fish TMAOase and
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microsomal fractions from mouse liver and kidney had the 
ability to demethylate Erythromycin A to form formaldehyde.
CH3 CH,
A  =  erythronolide 
B =  desosamine 
C — cladinose
HO N
r c h 3
P450inAl
RH HCHO
Figure 8-1 Demethylation of Erythromycin A by microsomal • enzyme (Mao and Tardrew, 1965) .
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8.3.1 Materials
Trimethylamine oxide (TMAO), Sodium deoxycholate (DOC), 
guaiacol, Tween 20, Triton X-100, Erythromycin A, trypsin, 
papain, pepsin, formaldehyde, NADH and NADPH were all 
obtained from Sigma Chemicals Co. Ltd., Poole, Dorset. 
Sephadex G-200 was obtained from Pharmacia Ltd, Milton 
Keynes, Bucks. Eugenol, L-alanine, L-valine, L- 
phenylalanine, L-proline, L-methionine, L-aspartic acid, L- 
glutamic acid, DL- lysine, L-arginine, L-threonine, L- 
cysteine and L-tryptophan were all "Analar" grade obtained 
from BDH Chemicals Ltd, Poole, Dorset. Glycine was obtained 
from Fisons Scientific Equipment, Loughborough, Leics. 
Vanillin, iso-eugenol, 2-ethylphenol and veratrole were all 
obtained from Aldrich Chemical Co Ltd Dorset. a- 
Napthoflavone was obtained from Merck (Pty) Ltd, 
Johannesburg, South Africa.
8.3.2 Methods
8.3.2.1 Preparation, purification and characterisation of 
TMAOase
Preparation of crude TMAOase
The extraction of a crude extract of TMAOase from Atlantic 
cod (Gadus morhua) or Namibian hake (M. capensis) kidney 
was carried out essentially according to the method of Joly 
(1987). Kidney was collected and kept frozen at -20°C until 
used. An amount of 2g kidney sample was homogenised in 16ml 
20mM Tris-HCl buffer (pH 7.0). The homogenates were
8.3 EXPERIMENTAL
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centrifuged at 100,000g for 1 hour to remove the soluble 
components. The residue was suspended in 5ml 20mM Tris-HCl 
buffer pH (7.0) and the suspension transferred to test 
tubes and centrifuged at 4000rpm for 15 minutes. Lipids 
were extracted from the pellet by the addition of 2ml 
acetone followed by aspiration under helium gas. The fat 
free residue was solubilised in 20mM Tris-HCl buffer (pH 
7.0) containing 2.75g/l DOC. The suspension was held at 
30°C in a water bath for 2 hours and centrifuged at 
100,000xg for 1 hour. Aliquots of the supernatant were 
sampled for the estimation of protein concentration 
(Bradford, 1976). TMAOase activity was estimated using the 
measurement of the amount of formaldehyde released (Nash, 
1953) .
Purification of the TMAOase bv gel filtration 
chroma tograohv
The preparation of the column was as discussed in Section
2.5 with minor modifications. The only difference was the 
eluent buffer and sample. Basically, the crude TMAOase 
extract obtained in Section 8.3.2.1 was loaded on a 
Sephadex G-200 column, initially equilibrated with 20mM 
Tris-HCL buffer (pH 7.0), sodium chloride (25mM) and Triton 
X-100 (90mg/l) until the pH of the eluted buffer remained 
constant.
Estimation of TMAOase activity using Nash reagent
TMAOase activity was assayed as described by Joly (1987).
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The standard incubation medium consisted of 1ml Mcllvaine 
buffer (pH 5), 0.4ml methylene blue (cofactor) [0.1 mM] ,
0.2ml L-ascorbic acid (2mM) [cofactor] and 0.2ml TMAO 
(70mM) [substrate]. The reaction was initiated by the 
addition of 0.2ml TMAOase extract and incubated for 10 
minutes at 3 0°C. TCA (2ml) 10 % (w/v) was added to stop the 
reaction. The solution was centrifuged at 5000 xg for 5 
minutes to clarify it. The test tubes were rapidly cooled 
under running water and placed in an ice bath. The 
absorption was read spectrophotometrically at 412nm against 
a standard formaldehyde curve, within the range 0 to 
240nmol. The TMAOase activity was expressed in mg 
formaldehyde produced per minute, and the enzyme specific 
activity in units/mg protein/ minute.
Cleavage of TMAOase bv proteolytic enzvmes
TMAOase was extracted according to the method described by 
Joly (1987) Section 8.3.2.1. TMAOase (1.0ml) was incubated 
in the presence of 0.001% (w/v) of either trypsin, papain 
or pepsin (pH 5.5) at 25 °C and 3 7°C for 2 hours and 
analysed by SDS-PAGE. An extra experiment was conducted in 
which 0.2ml TMAOase was added to 0.2ml sample buffer and 
heated at 90°C for 2 hours instead of the usual 5 minutes 
before SDS-PAGE analysis.
Total P-450
TMAOase extract (0.5ml) was added to 0.1M potassium 
phosphate buffer (pH 7.6) [2.5ml]. A few granules of
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diothinite were added to the TMAOase solutions and bubbled 
through with carbon monoxide gas at a rate of 2 bubbles per 
minute. The solutions were then scanned (250-600nm) in a 
spectrophotometer.
Variation of fish TMAOase assay conditions
Variation of incubation time, enzyme (TMAOase)
concentration and substrate (TMAO) concentration were 
assessed as described below:
Variation of incubation time
Incubation time was varied, 10 to 60 minutes. The reaction 
was terminated with 2ml 10% (w/v) TCA after a specified
time. Tubes were held at 4°C until all tubes were stopped.
Variation of TMAOase volume
As the volume of Mcllvaine buffer (pH 5.5) in the reaction 
mixture was decreased, the volume of TMAOase added to the 
reaction mixture was increased accordingly. The total 
reaction volume remained at 2ml in each test tube.
Variation of TMAO volume
The volume of TMAO added to the reaction mixture varied 
between 0.05ml and 0.4ml. As the volume of TMAO was 
increased the volume of Mcllvaine buffer (pH 5.5) added 
decreased accordingly so that the total volume remained at 
2ml.
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Variation of environmental conditions (oxygen, carbon 
monoxide and nitrogen)
The conditions were classified as aerobic or anaerobic. 
Under aerobic conditions the tubes were exposed to room air 
throughout the incubation period. The term anaerobic was 
used when the reaction mixtures were either bubbled 
throughout with nitrogen gas or with carbon monoxide. After 
bubbling, TMAOase extract was added and the tubes were 
immediately sealed with rubber bungs for the entire 
incubation period.
Variation of NADH and NADPH
The in vitro cofactors, methylene blue and ascorbic acid 
were replaced with lOmM solutions of NADH (0.1 ml), NADPH 
(0.1 ml) or both 0.1ml NADH and 0.1ml NADPH. The amount of 
Mcllvaine buffer (pH 5.5) added was increased, maintaining 
the total reaction mixture volume at 2ml.
Effect of phenolic Compounds on TMAOase activity
The phenol solubility was initially investigated. An 
aliquot (0.1ml) of the selected phenol (guaiacol, iso- 
eugenol, veratrole, 2-ethylphenol and eugenol) was added to 
2ml of the TMAOase. For all these phenols, an oil in water 
emulsion was formed. On standing for 5 minutes, a methylene 
blue-phenol precipitate was formed. The observed colours 
were as indicated below. Guaiacol (blue), iso-eugenol 
(blue), veratrole (blue), 2-ethylphenol (green) and eugenol 
(green).
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Modifications of the conditions above 
Phenolic compounds
Phenol concentration was * decreased to 2.5mg/l. 
Additionally, 2 drops of methanol were added to improve 
solubility. Tubes were sealed with a rubber bung and shaken 
vigorously by hand. The solutions were allowed to stand at
jroom temperature for 5 minutes. The following solutions 
were formed: guaiacol formed a clear solution whereas
eugenol, isoeugenol, veratrole resulted in stable milky 
white solutions and 2-ethyl phenol gave a slightly pinkish 
solution. No methylene blue-phenol precipitate was formed.
A 0.1ml aliquot of each phenol (2.5mg/l) was added to the 
reaction mixture. When 0.1ml was added, Mcllvaine buffer 
(pH 5.5), which in normal usage was lml, was reduced to
0. 9ml and the assay for TMAOase activity was then performed 
as previously described.
Addition of detergents to reaction mixture
Two detergents, Tween-20 and Triton X-100 were investigated 
at a concentration of 5-20mg/l. A volume of 0.1ml detergent 
was added and Mcllvaine buffer (pH 5.5) normally lml was 
reduced to 0.9ml.
Effect of amino acids on TMAOase activity
Amino acid stock solutions (0.1M) were prepared in 
distilled water. A 0.2ml amino acid solution was added to
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the reaction mixture. Accordingly the usual 1ml Mcllvaine 
buffer (pH 5.5) used was reduced to 0.8ml. TMAOase activity 
was assayed as described.
8.3.2.2 Investigation of demethylation of Erythromycin A 
by fish TMAOase, mouse kidney microsomes and mouse 
liver microsomes
The following assay was carried out in order to compare the 
activity of the TMAOase purified from hake kidney with the 
microsomal supernatant and microsomal suspension from mice 
liver and kidney.
Preparation of microsomes from mouse liver and mouse kidnev
Mice were sacrificed by inhalation of diethyl ether. The 
livers were immediately removed and washed with potassium 
chloride (1.15% w/v) and blotted dry with a tissue. The 
livers were cut with scissors and homogenised in ice cold 
potassium chloride (1.15% w/v). The homogenates were
adjusted to obtain 250mg liver tissue per millilitre. The 
homogenate solutions were centrifuged at 10,000rpm for 20 
minutes to remove debris, nuclei, mitochondria and 
lysosomes. The supernatant contained microsomes and soluble 
fraction and was designated "microsomal supernatant" 
(crude). An aliquot (4ml) was further centrifuged at 
105,000xg for 1 hour to isolate microsomes. The supernatant 
(cytosol) was discarded and the microsomal pellet was 
suspended in the original volume of the homogenising medium
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prior to use (microsomal suspension).
Assay for demethvlation of Ervthromvcin A
Potassium Phosphate buffer (50mM) pH 7.25 0.5ml
Magnesium Chloride (50mM) 
Erythromycin A (lOmM) 
TMAOase Extract
0 . 1ml
0 . 1ml
0 .2 ml
Solutions were pre-incubated for 30 minutes at 37°C. The 
reaction was initiated by the addition of 0.1ml NADPH 
(lOmM). After an additional 10 minutes incubation, the 
reaction was terminated by the addition of 0.5ml ice cold 
12.5% (w/v) TCA. The tubes were heated in a water bath for 
5 minutes at 55°C. The tubes were cooled under running tap 
water and the absorbance read spectrophotometrically at 
4l2nm.
Variation in the levels of TMAOase and Ervthromvcin A
An experiment was performed where TMAOase or Erythromycin 
A or both were replaced with potassium phosphate buffer 
(50mM) . The amount of the buffer added was increased, 
maintaining the total reaction mixture volume at 0.9ml.
8 .4 RESULTS
8.4.1 Preparation, purification and characterisation of 
TMAOase
Characterisation of fish kidnev TMAOase extracts
No detection was possible on the SDS-PAGE gradient gel (5%- 
20%) for the crude and gel filtered TMAOase extract because
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of its large size. Equally, when the TMAOase extracts were 
treated with trypsin, papain and pepsin or heated for 2 
hours at 90°C in the presence of sample buffer, bands were 
not detected on the SDS-gel. Gel filtration elution profile 
of TMAOase extract on Sephadex G-200) is shown in Figure 8-
2. Only a single peak was eluted. The TMAOase activity 
obtained from the gel filtered fraction was 
2 .47jUmole/min/mg protein, compared to 1. 06/imole/min/mg for 
the crude extract.
Figure 8-2 Gel filtration of TMAOase from cod (Gadus morhua) kidney on Sephadex G-200 (buffer: 20mM Tris-HCl, 25mM NaCl, Triton X-100 90mg/l; flow rate 7.5ml/hour; temperature 4°C; absorbance 280nm. The total number of fractions collected was 170 (i.e. tubes).
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Variation of assay conditions 
TMAOase and TMAO concentrations
It can be seen that the reaction system was dependent on 
both TMAOase (demethylase) and substrate (TMAO) 
concentrations as shown in Figure 8-4 and 8-3 respectively. 
An increase in TMAOase or TMAO concentrations resulted in 
concomitant high production of formaldehyde as estimated by 
the Nash (1953) method.
T M A O  v o l . (  m  I )
Figure 8-3 Effect of TMAO concentration on formaldehyde (nmol FA/ml) production using TMAOase from cod (Gadus morhua) kidney.
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Figure 8-4 Effect of the concentration of TMAOase extracted from cod (Gadus morhua) kidney on the production of formaldehyde (nmol FA/ml) from TMAO.
Variation of incubation time
The intensity of the colour measured according to Nash 
(1953) increased with time of incubation Figure 8-5. A 
constant value was reached after 15 minutes. This 
incubation time (i.e. 15 minutes) was thus employed as the 
incubation time throughout the project.
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Effect of incubation time on formaldehyde production.
T i m e  ( m i n )
Figure 8-5 Effect of incubation time on formaldehyde production.
Incubation of TMAOase in aerobic and anaerobic conditions
The results obtained when TMAOase crude extracts and 
fractions obtained by gel filtration were incubated under 
aerobic or anaerobic conditions are shown in Table 8-1. 
Data distributions were assessed using the Kolmogorov 
Smirnov Goodness of Fit Test. All data were normally 
distributed (P>0.05) and parametric analysis were used. The
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results demonstrated that the fish TMAOase fractions were 
significantly activated under anaerobic conditions, 
especially in the presence of carbon dioxide. When the 
system was carried out under anaerobic conditions using the 
crude TMAOase fraction there was a 11.2% and 9.17% increase 
in formaldehyde production for the sample treated with 
carbon monoxide and nitrogen gases respectively. A similar 
trend was obtained with the gel filtered TMAOase fraction 
where the increase in formaldehyde production corresponded 
to 29.21% and 16.24% for the sample exposed to carbon 
monoxide and nitrogen gases respectively. In general, the 
data obtained from the treatment with carbon monoxide were 
significantly high compared to nitrogen gas.
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Table 8-1 Investigation of incubating TMAOase in aerobic and anaerobic conditions
Gas Crude Filtered
Oxygen 405.125±3.00 *10 153 . 2±0.33 *20
Carbon monoxide 456.2±1.56 **1C 216.4±0.64 **2C
Nitrogen 446.0±4.32 ***1N 182 . 9±2.84 ***2N
Values are means ±SD, n = 4 of formaldehyde (nmol /ml)produced in the presence of the appropriate gases.
1 . Enzyme activity in the presence of carbon dioxide (**1C) was significantly different (i.e. high) from *10, *20, **2C, ***1N and ***2N at P<0.0001 and;2. ***1N was significantly different (i.e. high) from *10, *20, **2C and ***2N at P<0.0001.
3 . *10 was significantly different (i.e. high) from *20; **2C and ***2N) at P<0.0001.4. **2C was significantly different (i.e. high) from *20 and ***2N at PcO.OOOl.5. ***2N was significantly different (ie. high) from *20 at P<0.0001.
Estimation of the spectral shift of gel filtered TMAOase on 
exposure to carbon monoxide gas and dithionite
Treatment of TMAOase fractions with carbon monoxide and 
diothinite resulted in two peaks (one at 300nm and the 
other at 432nm.
Effect of NADH and NADPH on TMAOase activity
TMAOase extracts were activated by both NADH and NADPH by 
different magnitudes (Table 8-2). The action of NADPH was 
much more pronounced (152.8nmol FA/ml) than that of NADH 
(131.6nmol FA/ml). When NADH and NADPH were added together 
no additive effect was observed. There was a 4.7% and 17.8% 
increase in formaldehyde production compared to that of 
NADPH and NADH alone respectively.
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Table 8-2 Investigation of the effects of NADH ad NADPH on the gel filtered TMAOase activity
Reaction conditions nmol FA/ ml
1.6ml buffer + 0.2ml TMAO + 0.2ml TMAOase 120.4±0.4
1.5ml buffer + 0.2ml TMAO + 0.2ml TMAOase + 0.1ml NADH 131.6±0.03
1.7ml Buffer + 0.2ml + 0.1ml NADH 0.57±0.01
1.5ml + buffer + 0.2ml TMAO + 0.2ml TMAOase + 0.1ml NADPH 152.8±0.04
1.7ml Buffer + 0.2ml TMAO + 0.1ml NADPH 1.81±0.015
1.4ml Buffer + 0.2ml TMAO + 0.2ml TMAOase + 0.1ml NADH + 0.1ml NADPH 160.34+0.02
Results are means of triplicates.
Effect of phenolic compounds on fish TMAOase activity
All the five phenolic compounds investigated in this 
project appeared to have an inhibitory effect on fish 
TMAOase activity (Table 8-3). Guaiacol offered a relatively 
high level of inhibition amounting to 94.9%. Vanillin was 
the least effective, inhibiting the system by only 18.9%. 
The inhibitory effect was concentration dependent. However, 
within the concentration range used in this project total 
inhibition was not achieved.
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Table 8-3 Investigation of the effects of various phenolic derivatives (2.5mg/l) on the activity of TMAOase
Compound nmol FA /ml Enzyme activity (Units/ml)
Specific Activity (Units /mg Protein)
Guaiacol 11.85±0.03 0.003 0 .0084
Eugenol 31.69±0.08 0 . 0 2 1 1 0.0225
Iso-eugenol 18.69±0.015 0.01251 0.0133
2 Ethylphenol 47.79±0.02 0.0319 0 .034
Veratrole 139.70±0.02 0.0931 0.0993
Vanillin 188.65±0.06 0.1258 0 .1341
UntreatedEnzyme 232.74±0.04 0.155 0 .165
The results are means of triplicates analysis.
------- Guaiacol
 Vanillin
Figure 8-6 Effect of phenolic compounds (guaiacol and Vanillin) on the TMAOase activity to produce formaldehyde (nmol FA/ml) from TMAO.
5 10 20 30
Phenolic Compound Cone, (mg/ml)
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Effects of detergents (Tween-20 and Triton X-100)
The results from the experiments to investigate the effects 
of Tween-20 and Triton X-100 {5-20mg/l) on TMAOase activity 
are indicated in Figure 8-7. The addition of these 
detergents to the reaction mixture resulted in a slight 
inhibition of TMAOase activity. As with the phenolic 
derivatives, total inhibition was not achieved within the 
range of concentrations used.
Tween 20 
Triton X-100
Figure 8-7 Effect of detergents (Tween-20 and Triton X- 100) on the TMAOase activity to produce formaldehyde (nmol FA/ml) from TMAO.
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Effect of amino acids on TMAOase activity
It can be seen that the amounts of formaldehyde released in 
the presence of aspartic acid (125.2 nmol FA/ml) and 
cysteine (126.6 nmol FA/ml) were slightly higher than in 
the control sample (123.9 nmol FA/ml). Lysine and arginine 
appeared to slightly inhibit the enzyme by 32.1% and 36.1% 
respectively. The rest of the amino acids (alanine, 
phenylalanine, methionine, glutamic acid, threonine and 
glycine) tested had negative effects on the fish TMAOase 
extract (Table 8-4). Tryptophan had the least effect.
317
Table 8-4 Effects of amino acids on the activity of TMAOase fraction separated by gel filtration chromatography.
FunctionalGroups Amino acid nmol FA/ml Specific activity (Units/ mg proteins)
Hydrophobic L-Alanine 109.7±0.02 0.0310
L-Valine 110.3±0.05 0.0312
L-B-Pheny1alanine 108.1±0.04 0.03035
L-Proline 115.3+0.012 0 .0326
Methionine 102.3±0.03 0.0289
Charged L-Asparticacid 125.2±0.02 0.0354
L-Glutamic acid 105.4±0.01 0.0298
DL-Lysine 84.12±0.04 0.0238
L-Arginine 79.14±0.06 0.0224
Polar Threonine 104.5±0.04 0 .0295
L-Cysteine 126.6±0.01 0.0358
L-Tryptophan 123.9±0.02 0.0350
Uncharged Glycine 107.6±0.04 0.0304
UntreatedEnzymeextract
123.9±0.06 0.0350
The results are means of triplicates.
8.4.2 Investigation of demethylation of Erythromycin A by 
fish TMAOase, mouse kidney microsomes and mouse liver 
microsomes
It can be seen that both fish TMAOase extracts and mouse 
microsomal fraction demethylated Erythromycin A producing 
formaldehyde (Table 8-5) . The results indicated that the 
production of formaldehyde from Erythromycin A was
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s i g n i f i c a n t l y  d ep en d en t  on th e  s o u r c e  and t h e  p r e p a r a t i o n .
T a b l e  8 - 5  I n v e s t i g a t i o n  o f  t h e  a b i l i t y  o f  f i s h  T M A O a s e  
a n d  t h e  m i c r o s o m a l  f r a c t i o n  t o  d e m e t h y l a t e  
E r y t h r o m y c i n  A .  T h e  r e s u l t s  a r e  e x p r e s s e d  i n  
n m o l / F A  m l .
S a m p l e E r y t h r o m y c i n  
A  ( 0 . 0 m l )  
p l u s  T M A O a s e  
( 0 . 2 m l )
E r y t h r o m y c i n  A  
( 0 . 1 m l )  l e s s  
T M A O a s e
E r y t h r o m y c i n  
A  ( 0  . 1 m l ) 
p l u s  T M A O a s e  
( 0  . 2 m l )
C r u d e  h a k e  
k i d n e y  T M A O a s e  
f r a c t i o n
9 . 0 1 ± 0 . 3 9 . 5 ± 0 . 2 4 5  
* C 1
4 9  . 3 1 ± 0 . 4 5 5  
* C 2
G e l  f i l t e r e d  
h a k e  k i d n e y  
T M A O a s e  
f r a c t i o n
2 . 1 ± 0  . 0 4 3 . 6 ± 0 . 3 2 7  
* G 1
8 4 . 4 0 ± 0 . 3 2 7  
* G 2
M o u s e  k i d n e y
m i c r o s o m a l
f r a c t i o n
4 . 1 2 ± 0 . 0 9 4  . 2 3 ± 0 . 0 5  
* K 1
4 5 . 6 5 ± 0 . 5 7 4  
* K 2
M o u s e  l i v e r  
m i c r o s o m e s  
( p u r e )
8 . 5 ± 0 . 8 7 1 0 . 1 4 ± 0 . 8 0 4  
* L 1
1 2 0 . 2 0 ± 2 . 4 4 9  
* L 2
T h e  v a l u e s  a r e  m e a n s  ± S D ,  n = 4  o f  f o r m a l d e h y d e  p r o d u c e d  f r o m
E r y t h r o m y c i n  A .
1 .  * L 2  w a s  s i g n i f i c a n t l y  d i f f e r e n t  ( i . e .  h i g h )  f r o m  * C 1 ,
* C 2 , * G 1 ,  * G 2 , * K 1 , * K 2  a n d  * L 1  a t  P < 0 . 0 1 0 .
2 .  * G 2  w a s  s i g n i f i c a n t l y  d i f f e r e n t  ( i . e .  h i g h )  f r o m  * C 1 ,
* C 2 ,  * G 1 , * K 1 ,  * K 2 , a n d  * L 1  a t  P < 0 . 0 1 0 .
3 .  * K 2  w a s  s i g n i f i c a n t l y  d i f f e r e n t  ( i . e .  h i g h )  f r o m  * C 1 ,
* C 2 , * G 1 , * K 1  a n d  * L 1  a t  P < 0 . 0 1 0 .
4 .  * L 1  w a s  s i g n i f i c a n t l y  d i f f e r e n t  ( i . e .  h i g h )  f r o m  * C 1 ,
* C 2 , * G 1  a n d  * K 1  a t  P < 0 . 0 1 .
5 .  * C 1  w a s  s i g n i f i c a n t l y  d i f f e r e n t  ( i . e .  h i g h )  f r o m  * K 1  a n d  
G 1  a t  P < 0 . 0 1 .
6 .  * K 1  w a s  s i g n i f i c a n t l y  d i f f e r e n t  ( i . e  h i g h )  f r o m  * G 1  a t  
P c O . O l .
T h e  a c t i v i t y  o f  c r u d e  f i s h  T M A O a s e  e x t r a c t  w a s  
s i g n i f i c a n t l y  l o w e r  c o m p a r e d  t o  t h a t  p u r i f i e d  b y  g e l  
f i l t r a t i o n  c h r o m a t o g r a p h y .  T h e  m i c r o s o m a l  f r a c t i o n  f r o m  
m o u s e  l i v e r  w a s  t h e  m o s t  e f f e c t i v e  i n  t h e  d e m e t h y l a t i o n  o f  
E r y t h r o m y c i n  A .  T h e s e  c o r r e s p o n d e d  t o  5 8 . 9 6 % ,  2 9 . 7 8 %  a n d
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6 2 . 0 2 %  i n c r e a s e  c o m p a r e d  t o  t h a t  o f  t h e  c r u d e  f i s h  T M A O a s e  
e x t r a c t ,  e x t r a c t  o b t a i n e d  b y  g e l  f i l t r a t i o n  a n d  m o u s e  
k i d n e y  m i c r o s o m a l  f r a c t i o n  r e s p e c t i v e l y .
n a p h t h a f 1 a v o n e
E f f e c t s  o f ______________________   a n d  D M S O  o n  t h e  d e m e t h y l a t i o n  o f
E r y t h r o m y c i n  A  b v  h a k e  (M .  c a v e n s i s )  T M A O a s e  f r a c t i o n s
F r o m  F i g u r e  8 - 8  i t  c a n  b e  s e e n  t h a t  a - n a p h t h o f l a v o n e  a n d  
D M SO  ( 0  . 6 2 5 - 5 m M )  a p p e a r e d  t o  h a v e  a n  i n h i b i t o r y  e f f e c t  o n  
T M A O a s e  a c t i v i t y  o n  t h e  d e m e t h y l a t i o n  o f  E r y t h r o m y c i n  A .
F i g u r e  8 - 8  E f f e c t  o f  n a p h t h o f l a v o n e ,  a n d  D M S O  o n  t h e  
d e m e t h y l a t i o n  o f  E r y t h r o m y c i n  A  b y  h a k e  ( M .  
c a p e n s i s ) T M A O a s e  f r a c t i o n s
C o n c e .  (M )
--------- C r u d e  extract +
i a n a p h t h o f l a v o n e
--------- G e l  filtered +
c i -  n  a p  l i t  h  o f l  a v  o n e
 C r u d e  extract +
D M S O
 G e l  filtered +  D M S O
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8 . 5  D I S C U S S I O N
T r i m e t h v l a m i n e  N - o x i d e  d e m e t h v l a s e  ( T M A O a s e )  e x t r a c t i o n ,  
p u r i f i c a t i o n  a n d  c h a r a c t e r i s a t i o n
T M A O a s e  i s  a  p r o t e i n  o f  h i g h  m o l e c u l a r  w e i g h t  t h a t  w a s  t o o  
l a r g e  t o  e n t e r  t h e  S D S - g e l  ( 5 - 2 0 % )  . T r e a t m e n t  o f  t h e  
T M A O a s e  e x t r a c t  w i t h  d i f f e r e n t  p r o t e o l y t i c  e n z y m e s  
( t r y p s i n ,  p a p a i n  a n d  p e p s i n )  w a s  u n s u c c e s s f u l  a s  n o  b a n d  
w a s  d e t e c t e d  o n  t h e  S D S - g e l .  B o t h  t h e  c r u d e  a n d  e x t r a c t  
o b t a i n e d  b y  g e l  f i l t r a t i o n  p o s s e s s e d  t h e  a b i l i t y  t o  u s e  
TM AO  f o r  t h e  f o r m a t i o n  o f  f o r m a l d e h y d e .  J o l y  ( 1 9 9 2 )  
p a r t i a l l y  p u r i f i e d  T M A O a s e  f r o m  S a i t h e  k i d n e y  u s i n g  a n i o n  
e x c h a n g e  c h r o m a t o g r a p h y  a n d  w a s  a b l e  t o  s e p a r a t e  t h r e e  
f r a c t i o n s .  D u r i n g  t h e  c u r r e n t  p r o j e c t ,  u s i n g  g e l  
f i l t r a t i o n ,  o n l y  o n e  p e a k  w a s  o b t a i n e d .  T h i s  f r a c t i o n  
e x h i b i t e d  a  h i g h  e n z y m i c  a c t i v i t y .  I t  i s  p r o b a b l e  t h a t  t h i s  
w a s  o n e  o f  t h e  f r a c t i o n s  c o l l e c t e d  b y  J o l y  ( 1 9 9 2 )  . T M A O a s e  
a c t i v i t y  h a s  b e e n  a s s o c i a t e d  w i t h  h i g h  m o l e c u l a r  w e i t g h t  
c o m p o n e n t s  ( J o l y  e t  a l . ,  1 9 9 2 ;  G i l l  e t  a l . ,  1 9 9 2 ) .
T h e  r e s u l t s  o b t a i n e d  i n  t h e s e  s t u d i e s  c o n f i r m e d  t h a t  b o t h  
t h e  c r u d e  e x t r a c t  a n d  t h e  f r a c t i o n  p u r i f i e d  b y  g e l  
f i l t r a t i o n  c h r o m a t o g r a p h y  h a d  d e t e c t a b l e  e n z y m i c  a c t i v i t y .  
T h e  r e a c t i o n s  w e r e  d e p e n d e n t  o n  b o t h  T M A O a s e  ( d e m e t h y l a s e )  
a n d  T M A O  ( s u b s t r a t e )  c o n c e n t r a t i o n s .  A n  i n c r e a s e  i n  T M A O a s e  
a n d / o r  T M A O  c o n c e n t r a t i o n  r e s u l t e d  i n  h i g h  l e v e l s  o f  
f o r m a l d e h y d e  p r o d u c t i o n .  T h e s e  r e s u l t s  s t r o n g l y  i n d i c a t e d  
t h a t  T M A O  i s  a  p r e c u r s o r  o f  f o r m a l d e h y d e  i n  f i s h  p r o d u c t s .
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B o t h  c r u d e  T M A O a s e  a n d  g e l  f i l t e r e d  T M A O a s e  f r a c t i o n  
a c t i v i t i e s  w e r e  s t i m u l a t e d  i n  t h e  a b s e n c e  o f  o x y g e n  
( a n a e r o b i c )  a n d  i n h i b i t e d  u n d e r  a e r o b i c  c o n d i t i o n s .  T h e s e  
r e s u l t s  c o n f i r m e d  t h a t  T M A O a s e  w a s  a  m i c r o s o m a l  e n z y m e  b u t  
p o s s i b l y  n o t  f r o m  t h e  P - 4 5 0  g r o u p  o f  e n z y m e s .  T h i s  w a s  d u e  
t o  t h e  f a c t  t h a t  t h e  P - 4 5 0  e n z y m e s  r e q u i r e  o x y g e n  f o r  
o x i d a t i o n  r e a c t i o n s .  A d d i t i o n a l l y ,  t h e  f a c t  t h a t  t h e  
a b s o r p t i o n  m a x i m u m  w a s  a t  4 3 2 n m  i n s t e a d  o f  4 5 0 n m  w a s  
i n d i c a t i v e  t h a t  T M A O a s e  d o e s  n o t  b e l o n g  t o  t h e  P - 4 5 0  t y p e  
o f  e n z y m e s .  T h e  P - 4 5 0  f a m i l y  o f  e n z y m e s  e x h i b i t  a  m a x i m u m  
a b s o r p t i o n  p e a k  a t  4 5 0 n m  o n  e x p o s u r e  t o  c a r b o n  m o n o x i d e  a n d  
d i o t h i o n i t e  ( G a r f i n k e l ,  1 9 5 8 ;  K l i n g e n b e r g ,  1 9 5 8 ;  O m u r a  a n d  
S a t o ,  1 9 6 4 )  . T h e  f a c t  t h a t  T M A O a s e  w a s  i n h i b i t e d  b y  t h e  
p r e s e n c e  o f  o x y g e n  c o n f i r m e d  t h e  r e s u l t s  o b t a i n e d  b y  R e e c e  
( 1 9 8 3 )  w h o  f o u n d  t h a t  i n  b o t h  i n  v i v o  a n d  i n  v i t r o  s t u d i e s  
u s i n g  T M A O  a s  a  s u b s t r a t e  t h e  i n h i b i t i o n  o f  f o r m a l d e h y d e  
p r o d u c t i o n  b y  o x y g e n  w a s  s h o w n .  P h i l l i p y  ( 1 9 8 5 )  r e p o r t e d  
t h a t  T M A O a s e  e x t r a c t  e x h i b i t e d  m a x i m a l  a c t i v i t y  u n d e r  
a n a e r o b i c  c o n d i t i o n s  i n  r e d  h a k e .  L u n d s t r o m  ( 1 9 8 2 )  s h o w e d  
t h a t  T M A O  i s  l o s t  m o r e  r a p i d l y  i n  t h e  p r e s e n c e  o f  o x y g e n  
t h a n  u n d e r  a n a e r o b i c  c o n d i t i o n s .  G i l l  a n d  P a u l s o n  ( 1 9 8 2 )  
p a r t i a l l y  c h a r a c t e r i s e d  a n  o x y g e n  i n s e n s i t i v e  T M A O a s e  f r o m  
c o d  k i d n e y  l y s o s o m e s .  B a b b i t  e t  a l . ,  ( 1 9 7 2 )  f o u n d  t h a t  t h e  
f o r m a t i o n  o f  D M A  a n d  F A  w a s  n o t  a l t e r e d  b y  t h e  e x c l u s i o n  o f  
o x y g e n .  T h e r e  i s  t h u s  a m p l e  e v i d e n c e  f r o m  t h i s  w o r k  a n d  
f r o m  p r e v i o u s  s t u d i e s  t o  s u g g e s t  t h a t  T M A O a s e  i s  n o t  f r o m  
t h e  P - 4 5 0  g r o u p  o f  e n z y m e s .
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T h e  r e s u l t s  o b t a i n e d  b y  t h e  u s e  o f  t h e  c o f a c t o r s  N A D H  a n d  
N A D P H  c o n t r a d i c t e d  t h o s e  r e s u l t s  i n d i c a t e d  a b o v e .  D u r i n g  
t h i s  e x p e r i m e n t  t h e  e x c l u s i o n  o f  t h e  s t a n d a r d  c o f a c t o r s  
( a s c o r b i c  a c i d  a n d  m e t h y l e n e  b l u e )  a n d  t h e i r  r e p l a c e m e n t  
w i t h  e i t h e r  N A D H  o r  N A D P H  w e r e  i n v e s t i g a t e d .  T M A O a s e  
e x t r a c t  w a s  a c t i v a t e d  b y  b o t h  N A D H  a n d  N A D P H ,  a l t h o u g h  b y  
d i f f e r e n t  m a g n i t u d e s .  T h e  r e s u l t s  c l e a r l y  i n d i c a t e d  t h a t  
t h e  s o u r c e  o f  f o r m a l d e h y d e  i n  t h e  s y s t e m  w a s  t h e  s u b s t r a t e  
(T M A O )  . T h e  u s e  o f  N A D H  a n d  N A D P H  i n  t h e  a b s e n c e  o f  T M AO  
r e s u l t e d  i n  t h e  d e t e c t i o n  o f  m i n i m a l  a m o u n t s  o f  0 . 5 7  a n d  
1 . 8 1  n m o l  F A / m l  r e s p e c t i v e l y .  T h e  a c t i o n  o f  N A D P H  i n  t h e  
p r e s e n c e  o f  T M A O  w a s  m u c h  m o r e  p r o n o u n c e d  ( 1 5 2 . 8 n m o l  F A / m l  
t h a n  t h a t  o f  N A D H  1 3 1 . 6 n m o l  F A / m l .  A l t h o u g h  t h e  c o m b i n a t i o n  
o f  N A D H  a n d  N A D P H  i n  t h e  p r e s e n c e  o f  T M A O  d i d  n o t  r e s u l t  i n  
a  s y n e r g i s t i c  r e s p o n s e ,  t h e r e  w a s  a  m a r k e d  i n c r e a s e  i n  F A  
p r o d u c t i o n .  T h e  c o n f l i c t  b e t w e e n  t h e s e  r e s u l t s  a n d  t h o s e  
f r o m  t h e  a e r o b i c / a n a e r o b i c  c o n d i t i o n s  w a s  t h a t  t h e s e  
c o m p l i e d  w i t h  t h e  r e q u i r e m e n t s  o f  a  P - 4 5 0  e n z y m e s .  T y p i c a l  
P - 4 5 0  r e a c t i o n s  a r e  a c t i v a t e d  b y  t h e s e  t w o  c o f a c t o r s .  I t  i s  
t h u s  p o s s i b l e  t h a t  a  c e r t a i n  s y s t e m  r e q u i r i n g  N A D H  a n d  
N A D P H  h a s  b e e n  a c t i v a t e d .
T h e  r e s u l t s  o b t a i n e d  i n  t h i s  p r o j e c t  i n d i c a t e d  t h a t  t h e  
p h e n o l i c  c o m p o u n d s  h a v e  a  c e r t a i n  a b i l i t y  t o ^ i n h i b i t  f i s h  
T M A O a s e .  I t  h a s  b e e n  r e p o r t e d  t h a t  f i s h  s m o k i n g  i s  k n o w n  t o  
i m p a r t  a n t i - o x i d a t i v e ,  a n t i b a c t e r i a l  a n d  a n t i - f u n g a l  
p r o p e r t i e s  t o  f o o d  ( J o n e s ,  1 9 8 5 ) .  M o i n i  a n d  S t o r e y  ( 1 9 8 0 )  
s u g g e s t e d  t h a t  t h e  d i f f u s i o n  o f  s m o k e  c o n s t i t u e n t s  m e a s u r e d
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a s  t o t a l  p h e n o l s  f r o m  t h e  s u r f a c e  o f  s m o k e d  f i s h  m i n c e  
s t o r e d  a t  - 1 0 ° C  w a s  r e s p o n s i b l e  f o r  t h e  i n h i b i t i o n  o f  
f o r m a l d e h y d e  p r o d u c t i o n  b e l o w  t h e  s u r f a c e  o f  t h e  f r o z e n  
m i n c e .  T h i s  a r g u m e n t  w a s  c o u n t e r e d  b y  R e e c e  ( 1 9 8 3 )  w h o  
a r g u e d  t h a t  t h e  i n h i b i t o r y  e f f e c t  w a s  d u e  t o  t h a t  o f  o x y g e n  
o n  T M A O a s e .  N o  r e p o r t s  h a v e  b e e n  p u b l i s h e d  s u g g e s t i n g  a  
m e c h a n i s m  f o r  t h e  i n t e r a c t i o n  o f  T M A O a s e  w i t h  p h e n o l s .  T h e  
i n h i b i t i o n  o f  f i s h  T M A O a s e  b y  p h e n o l i c  c o m p o u n d s  m a y  b e  
a t t r i b u t e d  t o  t w o  f a c t o r s .  F i r s t ,  i t  i s  p o s s i b l e  t h a t  
p h e n o l s  i n t e r a c t  w i t h  a n  e n z y m e  r e s p o n s i b l e  f o r  t h e  
p r o d u c t i o n  o f  f o r m a l d e h y d e  f r o m  T M A O .  P h e n o l i c  c o m p o u n d s  
a r e  k n o w n  t o  i n t e r a c t  w i t h  p r o t e i n s  l e a d i n g  t o  d e n a t u r a t i o n  
a s  e v i d e n c e d  b y  a  d e c r e a s e  i n  s u r f a c e  t e n s i o n  a n d  a n  
i n c r e a s e  i n  h y d r o p h o b i c i t y .  S e c o n d l y ,  t h e  p h e n o l i c  
c o m p o u n d s  m i g h t  i n t e r a c t  w i t h  f o r m a l d e h y d e  i t s e l f  m a k i n g  i t  
u n a v a i l a b l e  f o r  t h e  i n t e r a c t i o n  w i t h  p r o t e i n s .  T h e  f i r s t  
a s s u m p t i o n  w a s  t e s t e d  i n  t h i s  p r o j e c t .  I n  a l l  c a s e s  t h e  
p h e n o l s  t e s t e d  s h o w e d  d e c r e a s e d  p r o d u c t i o n  o f  f o r m a l d e h y d e  
c o m p a r e d  t o  t h e  c o n t r o l .
W h e n  t h e  t e s t e d  a m i n o  a c i d s  w e r e  d i v i d e d  a c c o r d i n g  t o  
f u n c t i o n a l i t y  ( T a b l e  8 - 4 ) ,  n o  p a t t e r n  o f  i n h i b i t i o n  w a s  
o b s e r v e d .  A s p a r t i c  a c i d  a n d  c y s t e i n e  r e s u l t e d  i n  s l i g h t l y  
h i g h e r  p r o d u c t i o n  o f  f o r m a l d e h y d e ,  1 . 0 5 %  a n d  2 . 1 3 %  
r e s p e c t i v e l y ,  c o m p a r e d  t o  t h a t  o f  t h e  c o n t r o l .  C y s t e i n e  
a c t i v a t e d  T M A O a s e ;  t h i s  w a s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  
r e p o r t e d  b y  P a r k i n  a n d  H u l t i n  ( 1 9 8 6 )  w h o  r e p o r t e d  t h a t  
c y s t e i n e ,  F M N ,  a s c o r b a t e ,  m e t h y l e n e  b l u e  a n d  p h e n a z i n e
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m e t h o s u l p h a t e  a c t i v a t e  T M A O a s e  a c t i v i t y .  L y s i n e  a n d  
a r g i n i n e  i n h i b i t e d  t h e  e n z y m e .
T h e  e x p e r i m e n t  p e r f o r m e d  t o  d e t e r m i n e  w h e t h e r  T M A O a s e  
e x t r a c t e d  f r o m  h a k e  w a s  a b l e  t o  u s e  E r y t h r o m y c i n  A  a s  a  
s u b s t r a t e  f o r  t h e  p r o d u c t i o n  o f  f o r m a l d e h y d e  s h o w e d  t h a t  
b o t h  t h e  c r u d e  e x t r a c t  a n d  t h e  g e l  f i l t e r e d  f r a c t i o n s  
r e s u l t e d  i n  t h e  d e m e t h y l a t i o n  o f  E r y t h r o m y c i n  A .  M a n y  d r u g s  
c o n t a i n i n g  N - m e t h y l  o r  O - m e t h y l  g r o u p s  u n d e r g o  
d e m e t h y l a t i o n  b y  t h e  m i c r o s o m a l  e n z y m e s  t o  g i v e  
f o r m a l d e h y d e  a n d  d e m e t h y l a t e d  c o m p o u n d s  ( B r o d i e  e t  a l . ,  
1 9 5 8 ) .  S i n c e  E r y t h r o m y c i n  A  c o n t a i n s  b o t h  N - m e t h y l  a n d  0 -  
m e t h y l  g r o u p s ,  M a o  a n d  T a r d r e w  ( 1 9 6 5 )  p e r f o r m e d  a n  
e x p e r i m e n t  t o  a s c e r t a i n  w h e t h e r  f o r m a l d e h y d e  i s  r e l e a s e d  b y  
d e m t h e l y l a t i n g  N - m e t h y l  o r  0 - m e t h y l  g r o u p s  o r  b o t h  b y  
P 4 5 0 I I I A 1 . T h e y  f o u n d  t h a t  f o r m a l d e h y d e  c o m e s  e x c l u s i v e l y  
f r o m  t h e  d i m e t h y l  a m i n o  g r o u p  o f  d e s o s a m i n e .  T h e  r e s u l t s  
o b t a i n e d  i n  t h e  c u r r e n t  s t u d y  a p p e a r  t o  s u g g e s t  t h a t  
T M A O a s e  h a s  a  d e m e t h y l a t i n g  a c t i o n .  T h e  r e s u l t s  o b t a i n e d  
f r o m  m o u s e  k i d n e y  a n d  l i v e r  m i c r o s o m a l  p r e p a r a t i o n s  g a v e  
h i g h  v a l u e s  a s  c o m p a r e d  t o  t h e  f i s h  T M A O a s e  p r e p a r a t i o n s .  
T h i s  w a s  e x p e c t e d  s i n c e  t h e  N - d e m e t h y l a t i n g  i s  e x t r e m e l y  
a c t i v e  i n  t h e  l i v e r  ( M a o  a n d  T a r d r e w ,  1 9 6 5 )  . A n  i n c r e a s e  i n  
a - n a p t h o f l a v o n e  a n d  D M S O  c o n c e n t r a t i o n s  r e s u l t e d  i n  a  
g r a d u a l  d e c l i n e  i n  f o r m a l d e h y d e  p r o d u c t i o n  f r o m  
E r y t h r o m y c i n  A .  T h i s  w a s  t h e  c a s e  f o r  b o t h  t h e  c r u d e  a n d  
g e l  f i l t e r e d  e x t r a c t .  T h e s e  r e s u l t s  p a r a l l e l e d  t h o s e  o f  
W i e b e l  e t  a l .  ( 1 9 7 1 )  w h o  f o u n d  t h a t  b o t h  a - n a p t h o f l a v o n e
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a n d  D M S O  i n h i b i t e d  m i c r o s o m a l  e n z y m e s .  T h e  p r e s e n t  
o b s e r v a t i o n  o n  t h e  l a r g e  e f f e c t s  o f  D M S O  s u g g e s t s  t h a t  t h e  
a c t i v i t y  o f  T M A O a s e  i s  p r e s u m a b l y  d e p e n d e n t  o n  t h e  
i n t e g r i t y  o f  a n  a c t i v e  h y d r o p h o b i c  r e g i o n .  T h e  r e d u c t i o n  o f  
T M A O a s e  a c t i v i t y  u p o n  e x p o s u r e  t o  o: -  n a p  t  h o  f  l a v o n e  i s  
i n d i c a t i v e  o f  a f f i n i t y  o r  b i n d i n g  o f  0 1 -  n a p  t  h o  f  l a v o n e  t o  t h e  
e n z y m e .  a - N a p t h o f l a v o n e  i s  k n o w n  t o  b i n d ,  f o r  e x a m p l e ,  t o  
c y t o c h r o m e  P 4 5 0  a n d  c h a n g e s  i t s  r a t e  o f  r e d u c t i o n  a n d  
r e o x i d a t i o n  ( W i e b e l  e t  a l . ,  1 9 7 1 ) .  I n  o r d e r  t o  t e s t  t h e
s u r f a c e  t e n s i o n  i m p l i c a t i o n ,  t w o  n o n - i o n i c  d e t e r g e n t s  
{ T w e e n  2 0  T r i t o n  X - 1 0 0 )  w e r e  i n v e s t i g a t e d .  T h e  a d d i t i o n  o f  
n o n - i o n i c  d e t e r g e n t s  t o  t h e  r e a c t i o n  m i x t u r e  a p p e a r e d  t o  
i n h i b i t  t h e  e n z y m e .  T h i s  m a y  h a v e  b e e n  d u e  t o  d e n a t u r a t i o n  
o f  t h e  e n z y m e .
8 . 6  C O N C L U S I O N S
T h e  r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  s u g g e s t e d  t h a t  
T M A O a s e  i s  a  m i c r o s o m a l  e n z y m e .  T h e  f a c t  t h a t  t h e  e n z y m e  
f r a c t i o n s  w e r e  o p e r a t i v e  u n d e r  a n a e r o b i c  c o n d i t i o n s  w a s  
e v i d e n c e  t h a t  f i s h  T M A O a s e  w a s  n o t  f r o m  t h e  P - 4 5 0  g r o u p  o f  
e n z y m e s .  T h i s  w a s  f u r t h e r  c o n f i r m e d  b y  t h e  s p e c t r a l  
p r o p e r t i e s ,  i n  t h a t  t h e  r e d u c e d  p e a k  o f  a b s o r p t i o n  m a x i m u m  
w a s  4 3 2 n m  i n s t e a d  o f  4 5 0 n m .  P - 4 5 0  e n z y m e s  a r e  c h a r a c t e r i s e d  
b y  a  p e a k  o f  m a x i m u m  a b s o r p t i o n  a t  4 5 0 n m  o n  r e d u c t i o n  w i t h  
d i t h i o n i t e  i n  t h e  p r e s e n c e  o f  c a r b o n  m o n o x i d e  ( O m u r a  a n d  
S a t o ,  1 9 6 4 ;  V a n  d e r  H o e v e n  a n d  C o o n ,  1 9 7 4 ) .  T h e  p r o d u c t i o n  
o f  f o r m a l d e h y d e  i n  t h e  a b s e n c e  o f  o x y g e n  w o u l d  s u g g e s t  t h a t
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p o s s i b l e  m e c h a n i s m s  t h a t  o p e r a t e  u n d e r  a n a e r o b i c  c o n d i t i o n s  
w e r e  a c t i v a t e d .  I t  i s  n o t  k n o w n  b y  w h a t  m e c h a n i s m  t h e  
o x y g e n  i n h i b i t s  t h e  e n z y m e .
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C H A P T E R  9
T h e  S D S - P A G E  p a t t e r n  o f  t h e  M e r l u c c i u s  c a p e n s i s  a n d  
M e r l u c c i u s  p a r a d o x u s  c o n f i r m e d  t h a t  t h e s e  t w o  s p e c i e s  w e r e  
d i f f e r e n t  a l t h o u g h  c l o s e l y  r e l a t e d .  T h i s  f i n d i n g  a g r e e d  
w i t h  t h e  s t u d i e s  b y  M a c k i e  a n d  J o n e s  ( 1 9 7 7 ) .  A n  a t t e m p t  t o  
r a i s e  p o l y c l o n a l  a n t i b o d i e s  i n  o r d e r  t o  d i f f e r e n t i a t e  
b e t w e e n  t h e  t w o  s p e c i e s  w a s  i n c o n c l u s i v e .  T h e  l i m i t e d  E L I S A  
r e s u l t s  s h o w e d  a  r e s p o n s e  t o  t h e  a n t i b o d y  p r o d u c t i o n .  A s  
t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  s h o w e d  p r o m i s i n g  r e s u l t s ,  
f u r t h e r  w o r k  i n  t h i s  a r e a  s h o u l d  b e  p u r s u e d .
T h e  u s e  o f  S D S - P A G E ,  H P L C ,  I E F  a n d  t h e  d e t e r m i n a t i o n  o f  
p r o t e i n  l e v e l s  ( L o w r y ,  1 9 5 1 ;  B r a d f o r d ,  1 9 7 6 )  d e m o n s t r a t e d  
t h a t  f r o z e n  s t o r a g e  o f  f i s h  m u s c l e  a n d  t h e  i n t e n t i o n a l  
a d d i t i o n  o f  e x o g e n o u s  f o r m a l d e h y d e  t o  p r o t e i n  e x t r a c t i n g  
s o l u t i o n s ,  e x t r a c t e d  p r o t e i n s  a n d  w h o l e  f i s h  m u s c l e  t i s s u e  
r e s u l t e d  i n  c h a n g e s  i n  t h e  p r o t e i n  s t r u c t u r e  f o l l o w e d  b y  
p r o t e i n  i n s o l u b i l i s a t i o n .  T h e  r e s u l t s  f r o m  S D S - P A G E  
i n v e s t i g a t i o n s ,  i n  p a r t i c u l a r ,  s t r o n g l y  c o n f i r m e d  t h a t  
i n s o l u b i l i t y  w a s  p r i m a r i l y  a t t r i b u t a b l e  t o  t h e  m y o s i n .  
T h e s e  o b s e r v a t i o n s  w e r e  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  
e a r l i e r  ( e . g .  M a t h e w s  e t  a l . ,  1 9 7 9 ;  O w u s u - A n s a h ,  1 9 8 6 ) .
T h e  d e v e l o p m e n t  o f  p r o t e i n  i n s o l u b i l i s a t i o n  m u s t  u l t i m a t e l y  
b e  e x p l a i n e d  i n  t e r m s  o f  t h e  f o r m a t i o n  o f  n o n - c o v a l e n t  a n d
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c o v a l e n t  l i n k a g e s  b e t w e e n  p r o t e i n  m o l e c u l e s .  T h e  n a t u r e  o f  
t h e s e  c r o s s - l i n k s  w a s  e l u c i d a t e d  b y  s o l u b i l i t y  m e a s u r e m e n t s  
i n  s o l u t i o n s  o f  H - b o n d  b r e a k i n g  s u b s t a n c e s  ( S D S ,  g u a n i d i n e  
c h l o r i d e  o r  u r e a )  w h i c h  s h o w e d  t h a t  H - b o n d s  m u s t  b e  p a r t l y  
i n v o l v e d ,  a n d  i n  s o l u t i o n s  o f  r e d u c i n g  a g e n t  ( E -  
m e r c a p t o e t h a n o l )  o r  a  c o m b i n a t i o n  o f  b o t h  w h i c h  s u g g e s t e d  
t h a t  m o r e  s t a b l e  c o v a l e n t  b o n d s  m a y  a l s o  h a v e  b e e n  
i n v o l v e d .  T h e  u s e  o f  s o l u t i o n s  c o n t a i n i n g  S D S ,  g u a n i d i n e  o r  
u r e a  l e d  t o  a n  i n c r e a s e  i n  p r o t e i n  s o l u b i l i s a t i o n  w h i c h  
i m p l i e d  t h a t  n o n - c o v a l e n t  s u c h  a s  h y d r o p h o b i c  i n t e r a c t i o n s  
w e r e  i n v o l v e d  i n  t h e  l o s s  o f  p r o t e i n  s o l u b i l i t y  b y  t h e  
a c t i o n  o f  f o r m a l d e h y d e .  I n  o n e  e x p e r i m e n t ,  t h e  u s e  o f  E -  
m e r c a p t o e t h a n o l  a l o n e  r e s u l t e d  i n  l e s s  p r o n o u n c e d  
s o l u b i l i s a t i o n  t h a n  t h a t  o f  i t s  c o m b i n a t i o n  w i t h  S D S  o r  
u r e a .  I t  w a s  t h u s  h y p o t h e s i s e d  t h a t  t h e  p r e s e n c e  o f  
f o r m a l d e h y d e  m a d e  t h e  S S  i n a c c e s s i b l e  t o  t h e  E -  
m e r c a p t o e t h a n o l  a n d  t h e  i n c l u s i o n  o f  a  d e t e r g e n t  s u c h  a s  
S D S  e i t h e r  d i s s o c i a t e d  o r  u n f o l d e d  t h e  p r o t e i n  s o  t h a t  E ~  
m e r c a p t o e t h a n o l  h a d  a c c e s s  t o  t h e  S S  b o n d s . T h e s e  l a t t e r  
b o n d s  c o u l d  t h e n  b e  b r o k e n  d o w n  t o  s u c h  a n  e x t e n t  t h a t  
t h e r e  w a s  a  m a r k e d  i n c r e a s e  i n  p r o t e i n  s o l u b i l i s a t i o n .  I n  
v i e w  o f  t h e i r  r e a c t i v i t y  i t  a p p e a r e d  p l a u s i b l e  t h a t  a m i n o  
a c i d  s i d e  c h a i n s  c o n t a i n i n g  b o t h  - C 0 2H  a n d  - N H 2 g r o u p s  h a d  
t a k e n  p a r t  i n  t h e  f o r m a t i o n  o f  c o v a l e n t  c r o s s l i n k a g e s .
F u r t h e r  e v i d e n c e  o f  p r o t e i n  d e n a t u r a t i o n  w a s  o b t a i n e d  b y  
i n v e s t i g a t i o n s  o f  t h e  e f f e c t  o f  f o r m a l d e h y d e  o n  t h e  f i s h  
m y o s i n  A T P a s e  a c t i v i t y  a n d  m y o s i n  a n t i b o d y  a n t i g e n i c i t y
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w h i c h  d e c l i n e d  p r o p o r t i o n a l l y  w i t h  i n c r e a s i n g  l e v e l s  o f  
f o r m a l d e h y d e .  A  d e c r e a s e  i n  b o t h  A T P a s e  a c t i v i t y  a n d  m y o s i n  
a n t i b o d y  a n t i g e n i c i t y  i n d i c a t e d  t h a t  m y o s i n ,  u p o n  r e a c t i o n  
w i t h  f o r m a l d e h y d e ,  u n d e r w e n t  a  c o n f o r m a t i o n a l  c h a n g e  
r e s u l t i n g  f r o m  p r o t e i n  d e n a t u r a t i o n .  S i m i l a r l y ,  A b l e t t
( 1 9 9 2 )  s t a t e d  t h a t  p r o t e i n  d e n a t u r a t i o n  l e d  t o  a  r a n g e  o f  
d e t e r i o r a t i v e  b i o c h e m i c a l  e v e n t s  i n c l u d i n g  a  p e r t u r b a t i o n  
o f  t h e  m e m b r a n e  i n t e g r a l  e n z y m e  s y s t e m ,  w h i c h  c a u s e d  
m o d i f i e d  l e v e l s  o f  e n z y m e  a c t i v i t y .  W h e n  t a k e n  t o g e t h e r  
w i t h  t h e  e v i d e n c e  o f  m y o s i n  i n s o l u b i l i s a t i o n  o b s e r v e d  i n  
t h e  i n i t i a l  s t u d i e s  i t  a p p e a r e d  t h a t  i t  w a s  l i k e l y  t h a t  
i n a c t i v a t i o n  o f  f i s h  p r o t e i n s  w a s  t h e  e n d  r e s u l t  o f  a  
d e n a t u r a t i o n  p r o c e s s  t h a t  m a n i f e s t e d  i t s e l f  i n  r e d u c e d  
p r o t e i n  i n s o l u b i l i t y .  T h e  f o r m a l d e h y d e  d e n a t u r e d  p r o t e i n  
c a u s e d  a  r e d u c t i o n  i n  t h e  f o a m i n g  c a p a c i t y  a n d  s t a b i l i t y  o f  
t h e  f i s h  p r o t e i n s  p o s s i b l y  d u e  t o  t h e  r e a c t i o n  o f  
f o r m a l d e h y d e  w i t h  t h e  h y d r o p h o b i c  a m i n o  a c i d  r e s i d u e s ,  t h u s  
m a k i n g  t h e  p r o t e i n  l e s s  h y d r o p h o b i c  a n d  i n c a p a b l e  o f  
o r i e n t a t i n g  i t s e l f  a t  t h e  i n t e r f a c e s .  I n  a d d i t i o n ,  t h e  
i n t e r a c t i o n  o f  f o r m a l d e h y d e  w i t h  a m i n o  g r o u p s  m a y  a l s o  
p r e v e n t  e l e c t r o s t a t i c  i n t e r a c t i o n s  r e q u i r e d  f o r  f o a m i n g  
( H o w e l l  a n d  T a y l o r ,  1 9 9 1 ,  M u r p h y  a n d  H o w e l l ,  1 9 9 1 ) .  F u r t h e r  
e l u c i d a t i o n  o f  t h e  e x a c t  r o l e  o f  f i s h  p r o t e i n s  a n d  
f o r m a l d e h y d e  t r e a t e d  p r o t e i n s  i n  f o a m  f o r m a t i o n  a n d  
s t a b i l i t y  i s  r e q u i r e d .
E x p o s u r e  o f  t h e  s a l t  e x t r a c t a b l e  a n d  w a t e r  s o l u b l e  p r o t e i n s  
t o  h i g h  l e v e l s  o f  f o r m a l d e h y d e  r e s u l t e d  i n  a  d e c l i n e  o f  t h e
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t o t a l  a n d  a v a i l a b l e  S H  g r o u p s  c o n f i r m i n g  t h a t  c o v a l e n t  
c r o s s l i n k s  w e r e  i n v o l v e d  i n  p r o t e i n  i n s o l u b i l i t y  a n d  t h e  
f o r m a t i o n  o f  a g g r e a g a t e s . I t  i s  w e l l  k n o w n  t h a t  S H -  g r o u p s  
a r e  i m p o r t a n t  f o r  t h e  m y o s i n  A T P a s e  a c t i v i t y  ( e . g .  S e i d e l  
a n d  G e r g e l r y ,  1973; T a y l o r  1972; H o f m a n n ,  1978 ) . I n  m y o s i n  
t h e  S H -  g r o u p s  a r e  l o c a t e d  i n  t h e  h e a d  r e g i o n  o f  t h e
m o l e c u l e  n e a r  t h e  a c t i v e  s i t e  o f  t h e  h e a v y  m e r o m y o s i n  (H M M )  
m o i e t y  a n d  n e a r  t h e  b i n d i n g  s i t e  o f  A T P  ( H o f m a n n ,  1978) . I t  
m a y  t h u s  b e  a r g u e d  t h a t  i f  t h e s e  e s s e n t i a l  g r o u p s  w e r e
b l o c k e d  b y  f o r m a l d e h y d e  o r  i n t e r a c t i o n  w i t h  o t h e r  p r o t e i n  
g r o u p s  b y  f o r m i n g  r i n g - l i k e  s t r u c t u r e s  ( F i g u r e )  p r o t e i n  
f u n c t i o n a l i t y  m a y  c h a n g e .  I n  a d d i t i o n  t o  m y o s i n  A T P a s e  
a c t i v i t y  t h e  a b i l i t y  o f  m y o s i n  t o  c o m b i n e  w i t h  a c t i n  i s  
e s s e n t i a l  f o r  t h e  p r o c e s s  o f  m u s c u l a r  c o n t r a c t i o n .  I n  v i e w
o f  t h e  f a c t  t h a t  S H -  g r o u p s  a r e  i n v o l v e d  i n  t h e
i n t e r a c t i o n s  b e t w e e n  m y o s i n  a n d  a c t i n  ( N e e d h a m ,  1973; 
D r a b i k o w s k i  a n d  B i t n y - S z l a c h t o ,  1964) , i t  w o u l d  b e  e x p e c t e d  
t h a t  a  l o s s  o f  f r e e  S H -  g r o u p s  w o u l d  a l s o  a f f e c t  t h e  
f u n c t i o n a l  p r o p e r t i e s  o f  s u c h  a s  t h e  f o a m i n g  c a p a c i t y  a n d  
s o l u b i l i t y .
A n  e x p e r i m e n t  w a s  d e s i g n e d  t o  m o n i t o r  t h e  c h a n g e s  i n  t o t a l  
v o l a t i l e  b a s e s  ( T V B ) , t r i m e t h y l a m i n e  o x i d e  ( T M A O ) , 
t r i m e t h y l a m i n e  (T M A )  , f r e e  f o r m a l d e h y d e  ( F F A )  a n d  b o u n d  
f o r m a l d e h y d e  ( B F A )  d u r i n g  f r o z e n  s t o r a g e  a t  c o m m e r c i a l  
s t o r a g e  t e m p e r a t u r e s  o f  -20°C a n d  -30°C. T h e  d a t a  i n d i c a t e d  
t h a t  t h e r e  w a s  a  s m a l l  c o n v e r s i o n  o f  T M A O  t o  T V B  a n d  T M A  
f r o m  m o n t h  t o  m o n t h .  I t  w a s  u n c l e a r  w h e t h e r  t h i s  c o n v e r s i o n
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w a s  b r o u g h t  a b o u t  b y  c h e m i c a l  m e a n s  o r  b y  p s y c h r o t r o p h i c  
m i c r o o r g a n i s m s  p r e s e n t  b e f o r e  t h e  f r e e z i n g  p r o c e s s  o f  t h e  
f i s h  m u s c l e .  T V B  [ m a i n l y  a m m o n i a ,  T M A  a n d  s m a l l  t r a c e s  o f  
M MA] { G r o n i n g e r ,  1 9 5 8 ,  H u g h e s ,  1 9 5 9 ;  F a r b e r ,  1 9 6 5 ;  T M A  
( B a b b i t ,  1 9 7 2 ;  L u n d s t r o m  a n d  R a d i c o t ,  1 9 8 3 )  a n d  P  v a l u e s  
[ P = T M A / T V B x l O O ]  ( M a l l e  a n d  P o u m e y r o l ,  1 9 8 9 )  a r e  w i d e l y  
e m p l o y e d  a s  c h e m i c a l  i n d i c e s  t o  e s t i m a t e  t h e  d e g r e e  o f  
d e c o m p o s i t i o n  o f  f i s h .  T h e  c h a n g e s  i n  t h e s e  p a r a m e t e r s  w e r e  
v e r y  s l i g h t  d u r i n g  f r o z e n  s t o r a g e ,  t h u s  T V B  a n d  T M A  m a y  b e  
i n s e n s i t i v e  i n d i c a t o r s  o f  s p o i l a g e  a t  t h e  t e m p e r a t u r e s  
e v a l u a t e d  o r  t h a t  s p o i l a g e  w a s  m i n i m a l . T h e s e  r e s u l t s  
c o n c u r r e d  w i t h  t h o s e  o f  M a l l e  e t  a l .  ( 1 9 8 3 )  a n d  M a l l e  a n d  
P o u m e y r o l  ( 1 9 8 9 )  w h o  r e p o r t e d  a  s l o w  c h a n g e  i n  T V B
c o n c e n t r a t i o n s  a t  t h e  b e g i n n i n g  o f  f r o z e n  s t o r a g e .  T h e  
p r o d u c t i o n  o f  T M A  i s  k n o w n  t o  b e  d e p e n d e n t  o n  v a r i o u s
f a c t o r s  s u c h  a s  t h e  n a t u r e  o f  b a c t e r i a l  f l o r a  o f  t h e  f i s h ,  
p a r t i c u l a r l y  P s e u d o m o n a s  p u t r e f a c i e n s  ( L a y c o c k  a n d  R e g i e r ,  
1 9 7 1 ) .  O n  t h e  o t h e r  h a n d ,  m u s c l e  T M AO  c o n t e n t  v a r i e s  w i t h  
s p e c i e s  a n d  t h e  r e d u c t i o n  o f  T M A O  t o  T M A  i s  n o t  u n i f o r m  i n  
t h e  s a m e  f i s h  s a m p l e  ( M a l l e  a n d  P o u m e y r o l ,  1 9 8 9 )  . T h u s  T V B  
a n d  T M A  a r e  u s e f u l  p a r a m e t e r s  b u t  p o s s i b l y  w i t h
l i m i t a t i o n s .
I n  v i e w  o f  t h e  f a c t  t h a t  a f t e r  a  l o n g  p e r i o d  o f  f r o z e n  
s t o r a g e ,  T M A O  d e c o m p o s e d  s i g n i f i c a n t l y  t o  F F A  a n d  B F A ,  t h e  
q u e s t i o n  a r o s e  o f  t h e  r e l a t i v e  i m p o r t a n c e  o f  T M A O
d i s a p p e a r a n c e  c o m p a r e d  t o  t h e  a c t i o n  o f  t h e  p r o d u c e d  
f o r m a l d e h y d e  o n  f i s h  m u s c l e  t i s s u e  d e g r a d a t i o n .  I n  f i s h
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m u s c l e ,  T M A O  p l a y s  t w o  k e y  r o l e s :  f i r s t l y ,  i t  h a s  a
b u f f e r i n g  c a p a c i t y  ( C o l l i n s  e t  a l . ,  1 9 4 1 )  a n d  s e c o n d l y ,  i t  
h a s  a  s t a b i l i s i n g  e f f e c t  o n  p r o t e i n  f u n c t i o n a l i t y  ( Y a n c e y  
e t  a l . ,  1 9 8 2 ;  R o d g e r  a n d  H a s t i n g s ,  1 9 8 4 ) .  T h e  m e c h a n i s m  b y  
w h i c h  T M A O  p r o t e c t s  p r o t e i n  f u n c t i o n a l i t y  i s  h o w e v e r  
u n c l e a r .  A  p o s s i b l y  e x p l a n a t i o n  i s  t h e  a c t i o n  o f  o s m o l y t e s  
t h a t  p r o t e c t  c e l l s  f r o m  w a t e r  s t r e s s  i n c l u d i n g  t h e  l o w  
m o l e c u l a r  w e i g h t  c o m p o u n d s  s u c h  a s  p o l y h y d r i c  a l c o h o l s  
( e . g .  g l y c e r o l ) , s u g a r s  ( m a n n i t o l  a n d  s u c r o s e ) , f r e e  a m i n o  
a c i d s  a n d  a m i n o  a c i d  d e r i v a t i v e s  ( e . g .  t a u r i n e  a n d  15- 
a l a n i n e )  ; u r e a  a n d  m e t h y l a m i n e s  [ e . g .  T M A O ,  b e t a i n e  a n d  
s a r c o s i n e ]  ( Y a n c e y  e t  a l . ( 1 9 8 2 ) .  W a t e r  s t r e s s  i n  l i v i n g
o r g a n i s m s  c o u l d  b e  c a u s e d  b y  h i g h  f l u c t u a t i n g  s a l i n i t y ,  
d e h y d r a t i o n  o r  f r e e z i n g .  I n  f r o z e n  s t o r a g e  o f  f i s h  m u s c l e ,  
t h e  p r o b l e m  i s  t h u s  c o m p o u n d e d  b y  t w o  f a c t o r s :  f i r s t l y ,  t h e  
d i s a p p e a r a n c e  o f  T M A O  a n d  s e c o n d l y  t h e  l o s s  o f  w a t e r  d u e  t o  
f r o z e n  s t o r a g e  a n d  t h e  r e s u l t a n t  i n c r e a s e  i n  s o l u t e  
c o n c e n t r a t i o n s  i n  t h e  c e l l s  t h a t  w o u l d  d e n a t u r e  t h e  
p r o t e i n s  w i t h o u t  t h e  p r o t e c t i v e  e f f e c t s  o f  T M A O .  S e v e r a l  
s t u d i e s  h a v e  s h o w n  t h a t  f r e e z i n g  a t  t e m p e r a t u r e s  b e t w e e n  -  
1 0 ° C  a n d  - 2 0 ° C  r e s u l t s  i n  a n  i n c r e a s e  i n  l o c a l i s e d  s a l t  
c o n c e n t r a t i o n  w h i c h  a f f e c t s  c e l l  p e r m e a b i l i t y  a n d  p r o t e i n  
p r o p e r t i e s  ( D u e r  a n d  D y e r ,  1 9 5 2 ;  D e n g ,  1 9 7 7 ;  S h e n o u d a ,  
1 9 8 0 ) .  C l a r k  e t  a l . ,  ( 1 9 8 1 )  s t u d i e d  a n  a g g r e g a t i o n  s y s t e m  
o f  s k i n n e d  b a r n a c l e  m u s c l e  a n d  d e m o n s t r a t e d  t h a t  t h e  
d i s r u p t i o n  o f  n a t i v e  m y o f i l a m e n t  a r c h i t e c t u r e  b y  h i g h  
l e v e l s  o f  K C 1  o r  N a C l  c o u l d  b e  p r e v e n t e d  b y  s i m u l t a n e o u s  
a d d i t i o n  o f  T M A O .  T h u s ,  f u r t h e r  s t u d i e s  a r e  r e q u i r e d  t o
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i n v e s t i g a t e  t h e  s i g n i f i c a n c e  o f  t h e  d i s a p p e a r a n c e  o f  T M A O  
o n  p r o t e i n  a g g r e g a t i o n  d u r i n g  f r o z e n  s t o r a g e .  F u r t h e r m o r e ,  
s i n c e  t h e  n o n - e n z y m i c  d e c o m p o s i t i o n  o f  T M A O  i s  a  f r e e  
r a d i c a l - p r o d u c i n g ' r e a c t i o n  ( F e r r i s  e t  a l . ,  1 9 6 2 )  t h e  f r e e  
r a d i c a l s  f o r m e d  m a y  t h e m s e l v e s  b r i n g  a b o u t  n o t  o n l y  
m o d i f i c a t i o n s  o f  p r o t e i n  s i d e  c h a i n s  f o l l o w e d  b y  
d e n a t u r a t i o n  b u t  m a y  a l s o  i n d u c e  c r o s s - l i n k i n g  b e t w e e n  
p r o t e i n  m o l e c u l e s  v i a  d i s u l p h i d e  b o n d s .  H o w e v e r ,  t h i s  
p o s s i b i l i t y  w a s  u n l i k e l y  a t  t h e  t e m p e r a t u r e s  u s e d  d u r i n g  
t h e  c u r r e n t  e x p e r i m e n t s .
I n  t h e  i n t e r p r e t a t i o n  o f  f a c t o r s  a f f e c t i n g  m e m b r a n e s ,  i t  i s  
w o r t h w h i l e  c o n s i d e r i n g  t h e  e f f e c t s  o f  m u s c l e  l i p i d s  o n  
p r o t e i n s .  I t  i s  p o s s i b l e  t h a t  i n c r e a s e d  r a t e s  o f  p r o t e i n  
d e n a t u r a t i o n  d u r i n g  f r o z e n  s t o r a g e  o f  f i s h  c o u l d  b e  d u e  i n  
p a r t  t o  t h e  l o w  c o n t e n t  o f  n e u t r a l  l i p i d  ( e . g .  
t r i g l y c e r i d e s )  . I t  h a s  b e e n  s h o w n  t h a t  t h e  t r i g l y c e r i d e  
c o n t e n t  d e c r e a s e s  i n  t h e  i n i t i a l  s t a g e s  o f  f r o z e n  s t o r a g e  
o r  i c e d  s t o r a g e  o f  f i s h  ( F e r n a n d e z - R e i r i z  e t  a l . ,  1 9 9 2 ;  
P a s t o r i z a  a n d  S a m p e d r o ,  1 9 9 4 ;  S k r i k a r  a n d  R e d d y ,  1 9 9 1 )  
t h e r e b y  r e d u c i n g  t h e  p r o t e c t i o n  o f  p r o t e i n s .  I t  i s  l i k e l y  
t h a t  t h e  t r i g l y c e r i d e s  a r e  b r o k e n  t o  f r e e  f a t t y  a c i d s  w h i c h  
a r e  r e p o r t e d  t o  i n t e r a c t  w i t h  p r o t e i n s  a n d  c a u s e  
a g g r e g a t i o n  ( S h e n o u d a  a n d  P i g o t ,  1 9 7 7 ;  S h e n o u d a ,  1 9 8 0 ;  
C a r e c h e  a n d  T e j a d a ,  1 9 9 4 ) .
A t t e m p t s  w e r e  m a d e  t o  e x p l a i n  t h e  m o d e  o f  a c t i o n  o f  
f o r m a l d e h y d e .  T h e  p r e s e n t  f i n d i n g s  s h o w e d  n o  d i r e c t
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e v i d e n c e  t h a t  c r o s s - l i n k i n g  o f  p r o t e i n s  i n  f i s h  m u s c l e  w a s  
s o l e l y  c a u s e d  b y  f o r m a l d e h y d e  p r o d u c e d  e n z y m a t i c a l l y  ( i . e .  
b y  T M A O a s e )  , n o r  w a s  t h e r e  a n y  d i r e c t  e v i d e n c e  t h a t  
c h e m i c a l  c h a n g e s  i n  f i s h  m u s c l e  p r o t e i n s  w e r e  p r i m a r i l y  
b r o u g h t  a b o u t  b y  t h e  r e a c t i o n  o f  m u s c l e  p r o t e i n s  w i t h  
f o r m a l d e h y d e .  T h e  r e s u l t s  h o w e v e r  s u g g e s t e d  t h a t  F A  m a y  b e  
a  c o n t r i b u t i n g  f a c t o r  t h r o u g h  m o d i f i c a t i o n s  o f  t h e  n a t i v e  
p r o t e i n s .  C u r r e n t l y ,  t h e  m o s t  a c c e p t a b l e  a r g u m e n t  f o l l o w s  
t h e  p r o p o s e d  m o d e l  f o r  p r o t e i n  d e n a t u r a t i o n  b y  f o r m a l d e h y d e  
i s  t h a t  p u t  f o r w a r d  b y  H u l t i n  ( 1 9 9 2 )  w h o  a r g u e d  s t r o n g l y  
t h a t  i n  a d d i t i o n  t o  f o r m a l d e h y d e ,  i n c r e a s e d  t e m p e r a t u r e ,  
c h a n g e  i n  p H  a n d  e x p o s u r e  t o  h i g h  s a l t  c o n c e n t r a t i o n s  c a n  
c h a n g e  c o n f o r m a t i o n a l  s t r u c t u r e  o f  t h e  p r o t e i n .  I f  t h e  
p r o t e i n  s i d e  c h a i n s  a r e  m o d i f i e d ,  a s  h a s  b e e n  o b s e r v e d  w i t h  
f o r m a l d e h y d e  i n  t h i s  p r o j e c t ,  i t  w o u l d  m a k e  t h e  p r o t e i n  
m o r e  s u s c e p t i b l e  t o  d e n a t u r a t i o n  b y  t h e  s t r e s s i n g  f o r c e s  
a n d  o t h e r  r e a c t i v e  s p e c i e s .
F u r t h e r m o r e ,  i t  w a s  a l s o  p o s s i b l e  t h a t  t h e  d e h y d r a t i n g  
e f f e c t s  o f  f r o z e n  s t o r a g e  c o m p o u n d e d  b y  t h e  d e h y d r a t i o n  
a b i l i t y  o f  f o r m a l d e h y d e  d e s t a b i l i s e d  t h e  t i s s u e  s t r u c t u r e .  
T h e  s t a b i l i t y  o f  t h e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  p r o t e i n  
m o l e c u l e s  i s  h i g h l y  d e p e n d e n t  o n  a  n e t w o r k  o f  h y d r o g e n  
b o n d s ,  m a n y  o f  w h i c h  a r e  m e d i a t e d  t h r o u g h  w a t e r  m o l e c u l e s .  
T h u s ,  d e h y d r a t i o n  o f  p r o t e i n  m o l e c u l e s  t h r o u g h  f r e e z i n g  
w o u l d  r e s u l t  i n  a  d i s r u p t i o n  o f  t h e  h y d r o g e n  b o n d i n g  s y s t e m  
a s  w e l i  a s  t h e  e x p o s u r e  o f  s u r f a c e  r e g i o n s  ( h y d r o p h o b i c  o r  
h y d r o p h i l l i c )  o f  t h e  p r o t e i n  m o l e c u l e s  a n d  c o n s e q u e n t l y
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c o u l d  l e a v e  t h e s e  r e g i o n s  s u s c e p t i b l e  t o  a t t a c k  b y  
f o r m a l d e h y d e  p r o d u c e d  e n z y m a t i c a l l y  b y  T M A O a s e . A l t h o u g h  
t h e  n e t  r e s u l t  o f  t h i s  e x p o s e d  s y s t e m  c a n n o t  b e  p r e c i s e l y  
p r e d i c t e d ,  i t  c o u l d  b e  e n v i s a g e d  a s  a  m i x t u r e  o f  d i s r u p t e d  
p r o t e i n s  a n d  n e w  p r o t e i n - p r o t e i n  i n t e r a c t i o n s .
T h e  g l o b u l a r  f o r m  o f  a c t i n  ( G - a c t i n )  a n d  t h e  f i b r o u s  f o r m  
( F - a c t i n )  p r e p a r e d  d u r i n g  t h i s  p r o j e c t  d i d  n o t  s h o w  a n y  
d i f f e r e n c e  i n  b a n d  p a t t e r n  o n  t h e  S D S  g e l .  H o w e v e r  i t  w o u l d  
b e  e x p e c t e d  t h a t  a  c h a n g e  f r o m  G - a c t i n  t o  F - a c t i n  w o u l d  
o c c u r  t h r o u g h  a n  i n c r e a s e  i n  s o l u t e  c o n c e n t r a t i o n  d u r i n g  
f r o z e n  s t o r a g e  l e a d i n g  t o  a n  i n c r e a s e  i n  t h e  p e r c e i v e d  
t o u g h n e s s .  I n  m o d e l  s y s t e m  s t u d i e s ,  B r i s k l e y  a n d  F u k a z a w a
( 1 9 7 1 )  d e m o n s t r a t e d  t h a t  C a 2+ a n d  M g 2+ i n i t i a t e d  
p o l y m e r i s a t i o n  o f  G - a c t i n  i n t o  F - A c t i n .  A n  e x c e s s  o f  C a 2+ 
a n d  M g 2+ w a s  f o u n d  t o  m o d i f y  t h e  b i n d i n g  a b i l i t y  o f  a c t i n  
w i t h  l i p i d s .  T h u s  h i g h  l e v e l s  o f  C a 2+ a n d  M g 2+ i n d u c e d  t h e  
e x p o s u r e  o f  m o r e  h y d r o p h o b i c  r e g i o n s  o n  t h e  F - a c t i n  
m o l e c u l e s ,  w h i c h  s t i m u l a t e d  t h e  b i n d i n g  o f  n e u t r a l  l i p i d s  
a n d  d e p r e s s e d  t h e  h y d r o p h i l i c  i n t e r a c t i o n  b e t w e e n  p o l a r  
l i p i d  a n d  a c t i n .
C h a n g e s  i n  t h e  t e x t u r e  o f  f i s h  m u s c l e  b y  f o r m a l d e h y d e  
i n d i c a t e d  t o u g h e n i n g ,  w e r e  c o n f i r m e d  b y  s m a l l  a n d  l a r g e  
d e f o r m a t i o n  t e s t s .  T h e s e  f i n d i n g s  w e r e  c o n s i s t e n t  w i t h  t h e  
o b s e r v a t i o n s  o f  G i l l  e t  a l .  ( 1 9 7 9 ) ,  w h o  u s e d  d a t a  t a k e n  
f r o m  f o r c e  d e f o r m a t i o n  c u r v e s  a n d  f o u n d  s i g n i f i c a n t  
c o r r e l a t i o n s  b e t w e e n  c h e m i c a l  a n d  p h y s i c a l  m e a s u r e m e n t s .
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T h e  i n c r e a s e  i n  t h e  G '  ( e l a s t i c  m o d u l u s )  w i t h  i n c r e a s i n g  
f o r m a l d e h y d e  s u g g e s t e d  t h a t  t h e  m u s c l e  t i s s u e  l o s t  w a t e r  
l e a d i n g  t o  a  m o r e  e l a s t i c  t e x t u r e .  A s  t h e  p r o t e i n  m y o s i n  
a n d  a c t i n  a r e  l o c a t e d  i n  t h e  t h i n  a n d  t h i c k  m y o f i l a m e n t s  
r e s p e c t i v e l y ,  c h a n g e s  i n  t h e s e  p r o t e i n s  w o u l d  l e a d  t o  
v a r i a t i o n s  i n  t h e  t e x t u r a l  p r o p e r t i e s  o f  t h e  m u s c l e .  
J a r e n b a c k  a n d  L i l j e m a r k  ( 1 9 7 5 )  p o s t u l a t e d  t h a t  t h e  r e m o v a l  
o f  w a t e r  d u r i n g  f r o z e n  s t o r a g e  c o u l d  b r i n g  a b o u t  a  
r e d u c t i o n  o f  t h e  d i s t a n c e  b e t w e e n  t h e  f i l a m e n t s  f a v o u r i n g  
t h e  f o r m a t i o n  o f  c r o s s - b r i d g i n g  b e t w e e n  t h e m  a n d  
" s t i f f e n i n g "  o f  t h e  f i b r e .  T h e  E M ,  LM  a n d  PC M  r e s u l t s  i n  
t h e  p r e s e n t  s t u d y  l e n t  s u p p o r t  t o  t h i s  t h e o r y .
I n  t h e  p r e s e n t  s t u d y  t h e  e n z y m e  i m p l i c a t e d  i n  t h e  
d e g r a d a t i o n  o f  T M A O  t o  f o r m  f o r m a l d e h y d e  a n d  DM A  d u r i n g  
f r o z e n  s t o r a g e  o f  f i s h  w a s  i n v e s t i g a t e d .  A l t h o u g h  i t  w a s  
n o t  p o s s i b l e  t o  s t a t e  p r e c i s e l y  t h e  n a t u r e  a n d  p r o p e r t i e s  
o f  T M A O a s e ,  t h e  f i n d i n g s  r e p o r t e d  h e r e  c o u p l e d  w i t h  t h e  
w o r k  o f  H a r a d a  ( 1 9 7 5 ) ,  G i l l  a n d  P a u l s o n  ( 1 9 8 2 ) ,  P a r k i n  a n d  
H u l t i n  ( 1 9 8 6 )  a n d  J o l y  e t  a l . ,  ( 1 9 8 7 )  r e v e a l e d  i m p o r t a n t
i n f o r m a t i o n .  E v i d e n c e  o b t a i n e d  i n  v i t r o  i n d i c a t e d  t h a t  b o t h  
t h e  T M A O a s e  c r u d e  e x t r a c t  a n d  t h e  T M A O a s e  f r a c t i o n  o b t a i n e d  
b y  g e l  f i l t r a t i o n  h a d  t h e  a b i l i t y  t o  c a t a l y s e  t h e  
d e c o m p o s i t i o n  o f  T M A O  t o  f o r m a l d e h y d e  a n d  t h a t  T M A O a s e  
a c t i v i t y  w a s  e n h a n c e d  b y  t h e  a d d i t i o n  o f  N A D H  a n d  N A D P H .  
T h e  e x p e r i m e n t  i n  w h i c h  a s c o r b i c  a c i d  a n d  m e t h y l e n e  b l u e  
w e r e  e x c l u d e d  f r o m  t h e  r e a c t i o n  m i x t u r e  a s  c o f a c t o r s  
i n d i c a t e d  t h a t  t h e  i n c l u s i o n  o f  N A D H  a n d  N A D P H  w a s
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s u f f i c i e n t  t o  c a t a l y s e  t h e  d e c o m p o s i t i o n  o f  T M A O  t o  F A .  T h e  
N A D H  a n d  N A D P H  r e q u i r e m e n t  w a s  t a k e n  a s  e v i d e n c e  t h a t  t h e  
r e a c t i o n  w a s  e n z y m i c  i n  n a t u r e .  T h u s  N A D H  a n d  N A D P H  i n  s o m e  
c o m b i n a t i o n  w e r e  r a t e  l i m i t i n g  f o r  t h e  d e c o m p o s i t i o n  o f  
T M A O  t o  F A  a n d  D M A .
A e r o b i c  c o n d i t i o n s  r e s u l t e d  i n  a n  i n h i b i t o r y  e f f e c t  o n  
f o r m a l d e h y d e  p r o d u c t i o n  w h i c h  s u p p o r t e d  e a r l i e r  s t u d i e s  o f  
L u n d s t r o m  e t  a l .  ( 1 9 8 1 ) .  T h e  m e c h a n i s m  b y  w h i c h  o x y g e n  
i n h i b i t s  f o r m a l d e h y d e  p r o d u c t i o n  i s  n o t  c l e a r .  T h e  
p l a u s i b l e  p r o p o s i t i o n  i s  t h a t  o f  R e e c e  ( 1 9 8 3 ) ,  t h a t  
a l t e r n a t i v e  p a t h w a y s  a r e  p r o b a b l y  a c t i v a t e d  i n  t h e  a b s e n c e  
o f  o x y g e n .  F r o m  t h e  p r e s e n t  s t u d y  i t  a p p e a r e d  t h a t  t h e  
e n z y m e  f r a c t i o n  d i d  n o t  b e l o n g  t o  t h e  P - 4 5 0  g r o u p  o f  
e n z y m e s .  M u c h  r e m a i n s  t o  b e  i n v e s t i g a t e d ,  s u c h  a s  t h e  
s u i t a b l e  m e t h o d o l o g i e s  f o r  t h e  p u r i f i c a t i o n  o f  T M A O a s e ,  
a m i n o  a c i d  s e q u e n c i n g  a n d  i n h i b i t i o n  b y  t h e  u s e  o f  
c h e m i c a l s  w h i c h  a r e  n o t  h a z a r d o u s  t o  h e a l t h .  T h i s  r e s e a r c h  
w i l l  h a v e  i n d u s t r i a l  a p p l i c a t i o n  f o r  t h e  p r e s e r v a t i o n  o f  
g a d o i d  f i s h e s  i n  t h e  f r o z e n  s t a t e .
T h e  u s e  o f  m i c r o s c o p i c  t e c h n i q u e s  r e v e a l e d  v a l u a b l e  d e t a i l s  
w i t h  r e s p e c t  t o  f o r m a l d e h y d e - p r o t e i n  i n t e r a c t i o n s .  T h e  h i g h  
r e s o l u t i o n ,  o b t a i n e d  w i t h  A F M  p a r t i c u l a r l y ,  r e v e a l e d  
i n f o r m a t i o n  w h i c h  i s  i m p o s s i b l e  t o  o b t a i n  b y  L M ,  EM a n d  
P C M .  T h e  i m a g e s  s h o w e d  t h e  p a t t e r n  o f  a g g r e g a t e s .  W i t h  m o r e  
r e s e a r c h  A F M  m i g h t  b e  e x p a n d e d  t o  t h e  v i s u a l i s a t i o n  o f  
d y n a m i c  p r o c e s s e s .  A F M  w a s  h o w e v e r  l i m i t e d  t o  t h e  s t u d y  o f
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c h a n g e s  i n  m o r p h o l o g y ;  i t  d i d  n o t  r e v e a l  t h e  n a t u r e  o f  t h e  
b o n d s  f o r m e d  d u r i n g  p r o t e i n - f o r m a l d e h y d e  a g g r e g a t i o n .  T h e  
PC M  p r o v e d  t h a t  f o r m a l d e h y d e  l e d  t o  t h e  d e h y d r a t i o n  o f  
p r o t e i n s ,  w h e r e a s  L M  a n d  EM  s h o w e d  t h a t  f o r m a l d e h y d e  
r e s u l t e d  i n  t h e  s h o r t e n i n g  o f  t h e  m u s c l e  f i b r e s .
I n  s u m m a r y ,  t h e  f r o z e n  s t o r a g e  o f  f i s h  m u s c l e  a n d  t h e  
i n t e n t i o n a l  a d d i t i o n  o f  f o r m a l d e h y d e  t o  p r o t e i n s  r e s u l t e d  
i n  t h e  d e g r a d a t i o n  o f  f i s h  m u s c l e  p r o t e i n s .  T h e  m e c h a n i s m  
o f  d e g r a d a t i o n  p r e v a i l i n g  d u r i n g  f r o z e n  s t o r a g e  a r e  c o m p l e x  
a n d  f o r m a l d e h y d e  i s  p r o b a b l y  a  c o n t r i b u t o r  t o  a  m u l t i t u d e  
o f  o p e r a t i v e  p a t h w a y s  i n v o l v e d  i n  f r o z e n  s t o r e d  f i s h  a n d  
i t s  t e x t u r a l  d e t e r i o r a t i o n  ( F i g u r e  9 - 1 ) .  T h e  r e l a t i o n s h i p  
b e t w e e n  t h e  d i s a p p e a r a n c e  o f  T M A O  a n d  n e u t r a l  l i p i d s  a n d  
t h e i r  r o l e  i n  p r o t e c t i n g  f i s h  m u s c l e  p r o t e i n s  f r o m  
d e n a t u r a t i o n  d u e  t o  f r e e z i n g  n e e d s  f u r t h e r  i n v e s t i g a t i o n .  
D u r i n g  f r o z e n  s t o r a g e ,  i t  i s  p o s s i b l e  t h a t  t h e  a c t i o n  o f  
f o r m a l d e h y d e  i s  n o t  d i r e c t ,  b u t  t h a t  i t  f u n c t i o n s  b y  
m o d i f y i n g  s u r f a c e  g r o u p s  o f  p r o t e i n s  m a k i n g  t h e m  m o r e  
s u s c e p t i b l e  t o  d e n a t u r a t i o n .  L o w  t e m p e r a t u r e  s t o r a g e  a t  -  
3 0 ° C  i s  s t i l l  t h e  o p t i m u m  m e t h o d  o f  f i s h  p r e s e r v a t i o n .  
N o v e l  m e t h o d s  o f  p r e s e r v a t i o n  m a y  b e c o m e  a v a i l a b l e  
f o l l o w i n g  f u r t h e r  w o r k  r e g a r d i n g  a  d e t a i l e d  k n o w l e d g e  o f  
s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p  o f  T M A O a s e ;  t h e  p r o t e c t i v e  
r o l e  o f  T M A O  a n d  n e u t r a l  l i p i d s ;  a  d e t a i l e d  k n o w l e d g e  o f  
p r o t e i n - f o r m a l d e h y d e  a n d  p r o t e i n - l i p i d  i n t e r a c t i o n s  b y  
c h r o m a t o g r a p h i c ,  r a d i o l a b e l l i n g  s t u d i e s  a n d  a d v a n c e d  
s p e c t r o s c o p i c  m e t h o d s .
3 3 9
MOISTURE LIPID ENZYME
F i g u r e  9 - 1  I n t e r d e p e n d e n c e  o f  m e c h a n i s m s  f o r  p r o t e i n
d e n a t u r a t i o n  a n d  t e x t u r e  d e t e r i o r a t i o n .
R E F E R E N C E S
A b l e t t ,  R .  a n d  G o u l d ,  S .  ( 1 9 9 2 ) .  S u b c e l l u i a r  m e m b r a n e  i n t e g r i t y  
o f  A t l a n t i c  c o d  ( G a d u s  m o r h u a )  m y o t o m a l  t i s s u e :  E f f e c t s  o f  
f r o z e n  s t o r a g e .  J .  o f  F o o d  S c i .  5 7  ( 3 ) ,  p p  7 9 6 - 7 9 9 .
A c t o n ,  J . C . ,  Z i e g l e r ,  G . R .  a n d  B u r g e ,  D . L . J r .  ( 1 9 8 3 ) .  
F u n c t i o n a l i t y  o f  m u s c l e  c o n s t i t u e n t s  i n  t h e  p r o c e s s i n g  o f  
c o m m u t e d  m e a t  p r o d u c t s .  C R C  C r i t .  R e v .  F d .  S c i .  N u t r . 1 8  
( 2 ) ,  p p  9 9 - 1 2 2 .
A i k i b a ,  M . ,  M o t o h i r o ,  T .  a n d  T a n i k a w a ,  E . J .  ( 1 9 6 7 ) .  P r e v e n t i n g  
d e n a t u r a t i o n  o f  t h e  p r o t e i n s  i n  f r o z e n  f i s h  m u s c l e  a n d  
f i l l e t s .  I .  E f f e c t  o f  a d d i t i v e s  o n  t h e  q u a l i t y  o f  f r o z e n  
m i n c e s  o f  f i s h  m u s c l e .  J . o f  F o o d  T e c h n o l . 2 ,  p p  6 9 - 7 8 .
A l b e r t ,  B . ,  B r a y ,  D . ,  L e w i s ,  J .  , R a f f ,  M . ,  R o b e r t s ,  K .  a n d  
W a t s o n ,  J .  ( 1 9 8 3 ) .  M o l e c u l a r  B i o l o g y  o f  t h e  C e l l . G a r l a n d  
P u b l i s h i n g ,  I n c . ,  N e w  Y o r k  a n d  L o n d o n .
A l l e n  R . C . ,  S a r a v i s ,  C . A .  a n d  M a u r e r ,  H .  ( 1 9 8 4 ) .  I s o e l e c t r i c  
f o c u s i n g ;  m u l t i p a r a m e t e r  t e c h n i q u e s .  I n :  G e l
E l e c t r o p h o r e s i s  a n d  I s o e l e c t r i c  F o c u s i n g  o f  P r o t e i n s :  
S e l e c t e d  T e c h n i q u e s . e d .  W a l t e r  d e  G r u y t e r ,  B e r l i n ,  6 3 - 1 8 0 .
A m a n o ,  K .  a n d  Y a m a d a ,  K .  ( 1 9 6 5 )  . T h e  b i o l o g i c a l  f o r m a t i o n  o f  
f o r m a l d e h y d e  i n  c o d  f l e s h .  I n :  T h e  T e c h n o l o g y  o f  F i s h
U t i l i s a t i o n . E d :  K r e u t z e r ,  R . ,  F i s h i n g  N e w s  B o o k s  L t d ,
L o n d o n ,  p p  7 3 - 8 7 .
A m a n o ,  K .  a n d  Y a m a d a ,  K .  ( 1 9 6 4 )  . A  b i o l o g i c a l  f o r m a t i o n  o f  
f o r m a l d e h y d e  i n  t h e  m u s c l e  o f  g a d o i d  f i s h .  B u l l .  J a p .  S c i .  
F i s h . 30., p p  4 3 0 - 4 3 5 .
A n a l y t i c a l  M e t h o d s  c o m m i t t e e  ( 1 9 7 9 )  . R e c o m m e n d e d  g e n e r a l  m e t h o d s  
f o r  t h e  e x a m i n a t i o n  o f  f i s h  a n d  f i s h  p r o d u c t s .  A n a l y s t . 4 ,  
p p  4 3 4 - 4 5 0 .
A n d e r s o n ,  M . L .  a n d  R a v e s i ,  E . M .  ( 1 9 6 9 ) .  R e a c t i o n  o f  f r e e  f a t t y  
a c i d s  w i t h  p r o t e i n  i n  c o d  m u s c l e  f r o z e n  a n d  s t o r e d  a t  - 2 9 ° C  
a f t e r  a g i n g  i n  i c e .  J o u r n a l  o f  F i s h e r i e s  R e s e a r c h  B o a r d  
C a n a d a  2 6  ( 1 0 ) ,  p p  2 7 2 7 - 2 7 3 5 .
A n g ,  J . F .  a n d  H u l t i n ,  H . O .  ( 1 9 8 9 )  . D e n a t u r a t i o n  o f  c o d  m y o s i n  
d u r i n g  f r e e z i n g  a f t e r  m o d i f i c a t i o n  w i t h  f o r m a l d e h y d e .  
J o u r n a l  o f  F o o d  S c i e n c e . 5 4 ,  p p  8 1 4 - 8 1 8 .
A n g ,  J . F .  a n d  H u l t i n ,  H . O .  ( 1 9 8 9 )  . D e n a t u r a t i o n  o f  c o d  m y o s i n  
d u r i n g  f r e e z i n g  a f t e r  m o d i f i c a t i o n  w i t h  F A .  J o u r n a l  o f  F o o d  
S c i e n c e  5 4  ( 4 ) , p p  8 1 4 - 8 1 8 .
A o k i ,  E . ,  T a n e y a m a ,  0 .  a n d  I n a m i ,  M .  ( 1 9 8 0 ) .  E m u l s i f y i n g  
p r o p e r t i e s  o f  s o y  p r o t e i n :  c h a r a c t e r i s t i c s  o f  7 S  a n d  1 1 S  
p r o t e i n s .  J o u r n a l  o f  F o o d  S c i e n c e  4 5 ,  p p  5 3 4 - 5 3 8 ,  5 4 6 .
A r a k a w ,  T .  a n d  T i m a s h e f f ,  S . N .  ( 1 9 8 2 ) .  S t a b i l i s a t i o n  o f  p r o t e i n  
s t r u c t u r e  b y  s u g a r s .  B i o c h e m i s t r y  2 1 . p p  6 5 3 6 - 4 4 .
A r n t f i e l d  S . D . ,  M u r r a y ,  E . D  a n d  I s m o n d ,  M . A  ( 1 9 9 1 ) .  R o l e  o f  
d i s u l p h i d e  b o n d s  i n  d e t e r m i n g  t h e  r h e o l o g i c a l  a n d  
m i c r o s t r u c t u r a l  p r o p e r t i e s  o f  h e a t e d - i n d u c e d  p r o t e i n  
n e t w o r k s  f r o m  o v a l b u m i n  a n d  v i c i l i n .  J .  A c r r i c .  F o o d  C h e m .  
3 9 ,  1 3 7 8 - 1 3 8 5 .
A s a i ,  H .  ( 1 9 6 3 ) .  C h r o m a t o g r a p h y  o f  m y o s i n .  B i o c h e m i s t r y . 2 ,  N o .  
3 ,  p p  4 5 8 - 4 6 1 .
A s h w o r t h ,  M . R . F .  ( 1 9 7 6 ) .  T h e  d e t e r m i n a t i o n  o f  s u l p h u r - c o n t a i n i n g  
g r o u p s .  A n a l y t i c a l  M e t h o d s  f o r  T h i o l  G r o u p s . A c a d e m i c  
P r e s s ,  N e w  Y o r k  2 p p
B a b b i t ,  J . K . ,  C r a w f o r d ,  D . L .  a n d  L a w ,  D . K .  ( 1 9 7 2 ) .  D e c o m p o s i t i o n  
o f  t r i m e t h y l a m i n e  o x i d e  a n d  c h a n g e s  i n  p r o t e i n  
e x t r a c t a b i l i t y  d u r i n g  f r o z e n  s t o r a g e  o f  m i n c e d  a n d  i n t a c t  
h a k e  ( M e r l u c c i u s  p r o d u c t u s )  m u s c l e .  J .  A c r r .  F o o d  C h e m .  20.,  
p p  1 0 5 2 - 1 0 5 4 .
B a g l e y ,  E . B  ( 1 9 8 3 ) .  L a r g e  d e f o r m a t i o n  i n  t e s t i n g  a n d  p r o c e s s i n g  
o f  f o o d  m a t e r i a l .  I n :  P h y s i c a l  P r o o e r i t i e s  o f  F o o d . M .
P e l e g  a n d  E . B  B a g l e y  ( E d )  . ,  A V I  P u b l i s h i n g  C o . ,  e s t p o r t  C T .  
p p  3 2 5 - 3 4 2 .
B a g e l e y ,  E . B  a n d  C h r i s t i a n s o n ,  D . D  ( 1 9 8 7 )  . M e a s u r e m e n t  a n d  
i n t e r p r e t a t i o n  r h e o l o g i c a l  p r o p e r t i e s  o f  f o o d s . F o o d  
T e c h n o l o g y  4 1 ( 3 ) ;  p p  9 6 - 9 9 .
B a i l e y ,  A . J .  ( 1 9 8 2 ) .  M u s c l e  p r o t e i n s  a n d  m u s c l e  s t r u c t u r e .  I n :  
F o o d  P r o t e i n s . E d :  F o x  a n d  C o n d o n .  A p p l i e d  S c i e n c e
P u b l i s h e r s .
B a i l e y ,  K .  ( 1 9 4 8 ) .  T r o p o m y o s i n :  a  n e w  a s y m m e t r i c  p r o t e i n
c o m p o n e n t  o f  t h e  m u s c l e  f i b r i l .  B i o c h e m .  J .  4 3 , p p  2 7 1 - 2 7 9 .
360
B a l l ,  E r i c  H .  ( 1 9 8 6 )  . Q u a n t i t a t i o n  o f  p r o t e i n s  b y  e l u t i o n  o f  
C o o m a s s i e  B r i l l i a n t  B l u e  R .  f r o m  s t a i n e d  b a n d s  a f t e r  S D S -  
P A G E .  A n a l y t i c a l  B i o c h e m i s t r y .  1 5 5 , p p  2 3 - 2 7 .
B a n d a ,  M . C . M .  a n d  H u l t i n ,  H . O  ( 1 9 8 3 )  . R o l e  o f  c o f a c t o r s  i n  t h e  
b r e a k d o w n  o f  T M A O  i n  f r o z e n  r e d  h a k e  m u s c l e .  J . F o o d  
P r o c e s s i n g  P r e s e r v .  7 ,  p p  2 2 1 - 2 3 6 .
B a r a n y ,  M .  a n d  B a r a n y ,  K .  ( 1 9 6 6 )  . M y o s i n  f r o m  t h e  s t r i a t e d  
a d d u c t o r  m u s c l e  o f  s c a l l o p  ( P e c t e n  a r r a d i a n s ) . B i o c h e m .  J . 
3 4 5 , p p  3 7 - 5 6 .
B a r a n y ,  M . ,  B a r a n y ,  K .  a n d  G u b a ,  F .  ( 1 9 5 7 )  . P r e p a r a t i o n  o f  a c t i n  
w i t h o u t  t h e  e x t r a c t i o n  o f  m y o s i n .  N a t u r e  1 7 9 , p p  8 1 8 - 8 1 9 .
B a t e - S m i t h ,  E . C .  a n d  B e n d a l l ,  J . K .  ( 1 9 4 9 ) .  F a c t o r s  d e t e r m i n i n g  
t h e  t i m e  c o u r s e  o f  r i g o r  m o r t i s .  J .  P h y s i o l o g y . 1 1 0 , p p  4 7 -  
6 5 .
B e l l o ,  R . A . a n d  P i g o t t ,  G . M .  ( 1 9 8 0 )  . D r i e d  f i s h  p a t t i e s :  S t o r a g e  
s t a b i l i t y  a n d  e c o n o m i c  c o n s i d e r a t i o n s .  J .  F o o d  P r o c e s s i n g  
a n d  P r e s e r v a t i o n  4 ,  p p  2 4 7 - 2 6 0 .
B e l l o ,  R . A . ,  R u f t ,  J . H .  a n d  P i g o t t ,  G . M .  ( 1 9 8 1 ) .  I m p r o v e d  
h i s t o l o g i c a l  p r o c e d u r e  f o r  m i c r o s c o p i c  d e m o n s t r a t i o n  o f  
r e l a t e d  c h a n g e s  i n  f i s h  m u s c l e  t i s s u e  s t r u c t u r e  d u r i n g  
h o l d i n g  a n d  f r e e z i n g .  J o u r n a l  o f  F o o d  S c i e n c e  4 6 ,  p p  7 3 3 -  
7 3 7 ,  7 4 0 .
B e l l o ,  R . A . ,  L u f t ,  J . H .  a n d  P i g o t t ,  G . M .  ( 1 9 8 2 ) .  U l t r a s t r u c t u r a l  
s t u d y  o f  s k e l e t a l  f i s h  m u s c l e  a f t e r  f r e e z i n g  a t  d i f f e r e n t  
r a t e s .  J o u r n a l  o f  F o o d  S c i e n c e  4 7 ,  p p  1 3 8 9 - 1 3 9 4 .
B e n d a l l ,  J.R. a n d  D a v e y ,  C.L. (1957) . A m m o n i a  l i b e r a t i o n  d u r i n g  
m o r t i s  a n d  i t s  r e l a t i o n  t o  c h a n g e s  i n  t h e  a d e n i n e  a n d  
i n o s i n e  n u c l e o t i d e s  o f  r a b b i t  m u s c l e .  B i o c h e m .  B i o p h y s . 
A c t a . 2 6 , p p  93-103.
B e n d a l l  J . R  ( 1 9 7 3 )  . P o s t m o r t e m  c h a n g e s  i n  m u s c l e .  I n :  T h e
S t r u c t u r e  a n d  F u n c t i o n s  o f  M u s c l e . E d :  B o u r n e ,  G . H . ,  2 n d  
E d .  A c a d e m i c  P r e s s ,  N e w  Y o r k .  2 ,  p p  2 4 4 - 2 8 8 .
B e n e s c h  R .  a n d  B e n e s c h ,  R . E  ( 1 9 6 2 ) .  P r o t e i n  d e r i v a t i v e s  w i t h  n e w  
s u l p h y d r y l  g r o u p s . ,  B i o c h i m .  B i o o h y s . A c t a  6 3 . p p  1 6 6 - 1 7 0
361
B e n t l y ,  P . J .  ( 1 9 7 1 ) .  E n d o c r i n e s  a n d  O s m o t i c  R e g u l a t i o n . 
C o m p a r a t i v e  a c c o u n t  o f  t h e  r e g u l a t i o n  o f  w a t e r  a n d  s a l t s  i n  
v e r t e b r a t e s .  S p r i n g e r  V e r l a g ,  B e r l i n ,  H e i d e l b e r g ,  N e w  Y o r k ,  
p p  2 2 7 - 9 .
B e r s ,  G .  a n d  G a r f i n  D .  ( 1 9 8 5 )  . P r o t e i n  a n d  n u c l e i c  a c i d  b l o t t i n g  
a n d  i m m u n o b i o c h e m i c a l  d e t e c t i o n .  B i o - T e c h n i q u e s  3., p p  2 7 6 -  
2 8 8 .
B e r s o n ,  S .  A . ,  Y a l l o w ,  R . S . ,  B a u m a n ,  A . ,  R o t h s c h i l d ,  M .  A .  a n d  
N e w e r l y ,  K .  J .  ( 1 9 5 6 )  . I n s u l i n  131I  m e t a b o l i s m  i n  h u m a n  
s u b j e c t s :  d e m o n s t r a t i o n  o f  i n s u l i n  b i n d i n g  g l o b u l i n  i n  t h e  
c i r c u l a t i o n  o f  i n s u l i n  t r e a t e d  s u b j e c t s .  J .  C l i n .  I n v e s t .
35., p p  1 7 0 .
B e t s c h a r t ,  A . A .  ( 1 9 7 4 ) .  N i t r o g e n  s o l u b i l i t y  o f  a l f a l f a  p r o t e i n  
c o n c e n t r a t e  a s  i n f l u e n c e d  b y  v a r i o u s  f a c t o r s . J o u r n a l  o f  
F o o d  S c i e n c e . 3 9 , p p  1 1 1 0 - 1 1 1 5 .
B e v e r i d g e ,  T .  a n d  T i m b e r s ,  G . E  ( 1 9 8 5 )  . S m a l l  a m p l i t u d e  
o s c i l l a t o r y  t e s t i n g  ( S A O T )  . I n s t r u m e n t a t i o n  d e v e l o p m e n t  a n d  
a p p l i c a t i o n  t o  c o a g u l a t i o n  o f  e g g  a l b u m e n ,  w h e y  p r o t e i n  
c o n c e n t r a t e  a n d  b e e f  w i e n e r  e m u l s i o n .  J .  T e x t u r e  S t u d i e s  
16 .:  p p  3 3 3 - 3 4 9 .
B e v e r i d g e ,  T . ,  T o m a ,  S . J .  a n d  N a k a i ,  S .  ( 1 9 7 4 ) .  D e t e r m i n a t i o n  o f  
S H -  a n d  S S -  g r o u p s  i n  s o m e  f o o d  p r o t e i n s  u s i n g  E l l m a n ' s  
R e a g e n t .  J o u r n a l  o f  F o o d  S c i e n c e . 3 9 . p p  4 9 - 5 1 .
B e v e r i d g e ,  T .  J ,  T u n g  M . A  ( 1 9 8 4 ) .  P r o g e l  a n d  g e l  f o r m a t i o n  a n d  
r e v e r s i b i l i t y  o f  g e l a t i o n  o f  w h e y ,  s o y b e a n ,  a n d  a l b u m e n  
p r o t e i n  g e l s .  J .  A g r i c .  F o o d  C h e m . 32 .:  3 0 7 - 3 1 3 .
B i g e l o w ,  C . C . J .  ( 1 9 6 7 )  O n  t h e  a v e r a g e  h y d r o p h o b i c i t y  o f  p r o t e i n  
a n d  t h e  r e l a t i o n  b e t w e e n  i t  a n d  p r o t e i n  s t r u c t u r e .  J . 
T h e o r .  B i o l . 16 ., p p  1 8 7 - 2 1 1 .
B i n n i g ,  G .  Q u a y e ,  C . F .  a n d  G e r b e r ,  C .  ( 1 9 8 6 )  . A t o m i c  f o r c e  
m i c r o s c o p e .  P h y s .  R e v .  L e t t  5 6 . p p  9 3 0 - 9 3 3 .
B i n n i g ,  G .  R o h e r e ,  H . ,  G e r b e r ,  C .  a n d  W e i b e l ,  E .  ( 1 9 8 2 ) .  S u r f a c e  
s t u d i e s  b y  S c a n n i n g  T u n n e l i n g  M i c r o s c o p y .  P h y s .  R e v .  L e t t . 
4 9 ,  P P  5 7 - 6 1 .
B i o - R a d  p r o t e i n  a s s a y  ( 1 9 7 9 )  . B i o - R a d  T e c h n i c a l  B u l l e t i n  N o . 1 0 6 9  
E G ,  B i o - R a d  L a b o r a t o r i e s ,  R i c h m o n d ,  C a l i f o r n i a .
362
B i t t n e r ,  M . ,  K u p f e r e r ,  P . ,  a n d  M o r r i s ,  C . F .  ( 1 9 8 0 ) .  
E l e c t r o p h o r e t i c  t r a n s f e r  o f  p r o t e i n s  a n d  n u c l e i c  a c i d s  f r o m  
s l a b  g e l s  t o  d i a z o - b e n z y l o x y m e t h y l c e l l u l o s e  o r  
n i t r o c e l l u l o s e  s h e e t s .  A n a l .  B i o c h e m .  1 0 2 . p p  4 5 9 - 4 7 1 .
B i z z i n i ,  B .  a n d  R a y n a u d ,  M .  ( 1 9 7 4 )  . B i o c h i m i e  .5 6 ,  p p  2 9 7 .
B l a c k s h e a r ,  P . J .  ( 1 9 8 4 )  . S y s t e m  f o r  P o l y a c r y l a m i d e  G e l  
E l e c t r o p h o r e s i s .  I n :  M e t h .  E n z y m o l . 1 0 4 :  p p  2 3 7 - 2 5 5 .
B o d w e l l ,  C . E .  a n d  M c C l a i n ,  P . E .  ( 1 9 7 1 )  . C h e m i s t r y  o f  a n i m a l  
t i s s u e s .  P r o t e i n s .  I n :  T h e  S c i e n c e  o f  M e a t  a n d  M e a t
P r o d u c t s , 2 n d  e d i t i o n .  E d :  P r i c e ,  J . F .  a n d  S c h w e i g e r t ,  B . S .  
W . H .  F r e e m a n  & C o . ,  S a n  F r a n c i s c o ,  p p  7 8 - 1 3 2 .
B o e r i ,  R . L . ,  A l m a n d o s  M . E . ,  C i a r l o ,  A . S .  a n d  G i a n n i n i ,  D . H .
( 1 9 9 3 ) .  F o r m a l d e h y d e  i n s t e a d  o f  d i m e t h y l a m i n e  d e t e r m i n a t i o n  
a s  a  m e a s u r e  o f  t o t a l  f o r m a l d e h y d e  f o r m e d  i n  f r o n  A r g e n t i n e  
h a k e  (M e r l u c c i u s  h u b b s i ) .  I n t e r n a t i o n a l  J o u r n a l  o f  F o o d  
S c i e n c e  a n d  t e c h n o l o g y  2 8 ,  p p  2 8 9 - 2 9 2 .
B o l l a g ,  D . M .  a n d  E d e l s t e i n ,  S . J .  ( 1 9 9 1 ) .  P r o t e i n  M e t h o d s . W i l e y -  
L i s s  I n c ,  N e w  Y o r k .
B o t h a ,  L .  ( 1 9 7 0 )  . I n v e s t .  R e p  D i v i s i o n  S e a  F i s h  S . A f r i c a ;  N o  8 2 ,  
9 p p .
B o t h a ,  L .  ( 1 9 8 0 ) .  T h e  b i o l o g y  o f  t h e  C a p e  h a k e s  M e r l u c c i u s  
c a p e n s i s  C a s t ,  a n d  M .  p a r a d o x u s  F r a n c a  i n  t h e  C a p e  o f  G o o d  
H o p e  a r e a :  P h D  t h e s i s ,  U n i v e r s i t y  o f  S t e l l e n b o s c h ,  1 8 2  p p .
B o t h a ,  L .  ( 1 9 7 3 )  M i g r a t i o n s  a n d  s p a w n i n g  b e h a v i o u r  o f  t h e  C a p e  
h a k e s .  S .  A f r i c a  S h i p p i n g  N e w s  F i s h n g  I n d u s t r y .  R e v .  2 8 ( 4 )  
6 2 - 6 7 .
B o w e r s ,  J . A .  ( 1 9 7 2 ) .  E a t i n g  q u a l i t y ,  s u l f h y d r y l  c o n t e n t  a n d  T B A  
[ 2 - t h i o b a r b i t u r i c  a c i d ]  v a l u e s  o f  t u r k e y  b r e a s t  m u s c l e .  J .  
A g r i c .  F o o d  C h e m . 20 .,  p p  7 0 6 - 7 0 8 .
B o y n e ,  A . F . ,  a n d  E l l m a n ,  G . L .  ( 1 9 7 2 )  . A  m e t h o d o l o g y  f o r  a n a l y s i s  
o f  t i s s u e  s u l p h y d r y l  c o m p o n e n t s .  A n a l .  B i o c h e m .  4 6 ,  p p  6 3 9 -  
6 5 3  .
B r a d f o r d ,  M . M .  ( 1 9 7 6 ) .  A  r a p i d  a n d  s e n s i t i v e  m e t h o d  f o r  t h e  
q u a n t i t a t i o n  o f  m i c r o g r a m  q u a n t i t i e s  o f  p r o t e i n - d y e  
b i n d i n g .  A n a l .  B i o c h e m .  7 2 ,  p p  2 4 8 - 2 5 4 .
3 6 3
B r a h m s ,  J .  a n d  B r e z n e r ,  J .  ( 1 9 6 1 ) .  I n t e r a c t i o n  o f  M y o s i n  A  w i t h  
i o n s .  A r c h  B i o c h e m i s t r y  B i o o h v s . 9 5 . p p  2 1 9 - 2 2 8 .
B r o d i e ,  B . B . ,  G i l l e t e ,  J . R .  a n d  L a d u ,  B . N .  ( 1 9 5 8 ) .  E n z y m z a t i c  
m e t a b o l i s m  o f  d r u g s  a n d  o t h e r  f o r e i g n  c o m p o u n d s .  A n n . R e v . 
B i o c h e m . 2 7 . p p  4 2 7 - 4 5 4 .
B u l l o c k ,  G . R .  ( 1 9 8 4 )  . T h e  c u r r e n t  s t a t u s  o f  f i x a t i o n  f o r  
e l e c t r o n  m i c r o s c o p y :  A  r e v i e w .  J .  M i c r o s c o p y . 1 3 3 , p p  1 - 1 5 .
B u r n e t t ,  W . N .  ( 1 9 8 1 ) .  " W e s t e r n  B l o t t i n g " :  e l e c t r o p h o r e t i c
t r a n s f e r  o f  p r o t e i n s  f r o m  s o d i u m  d o d e c y l  s u l f a t e -  
p o l y a c r y l a m i d e  g e l s  t o  u n m o d i f i e d  n i t r o c e l l u l o s e  a n d  
r a d i o g r a p h i c  d e t e c t i o n  w i t h  a n t i b o d y  a n d  r a d i o i o d i n a t e d  
p r o t e i n  A .  A n a l .  B i o c h e m . 1 1 2 . p p  1 9 5 - 2 0 3 .
B u t t k u s ,  H .  ( 1 9 6 9 )  . R e a c t i o n  o f  c y s t e i n e  a n d  m e t h i o n i n e  w i t h  
m a i o n a l d e h y d e . J .  A m .  O i l  C h e m i s t s  S o c . 4 6 . p p  8 8 .
B u t t k u s ,  H .  ( 1 9 7 4 )  . O n  t h e  n a t u r e  o f  t h e  c h e m i c a l  a n d  p h y s i c a l  
b o n d s  w h i c h  c o n t r i b u t e  t o  s o m e  s t r u c t u r a l  p r o p e r t i e s  o f  
p r o t e i n s  i n  f o o d s :  a  h y p o t h e s i s .  J o u r n a l  o f  F o o d  S c i e n c e  
3 9 , p p  4 8 4 - 4 8 9 .
B u t t k u s ,  H .  a n d  T o m l i n s o n  ( 1 9 6 6 )  . S o m e  a s p e c t s  o f  p o s t m o r t e m  
c h a n g e s  i n  f i s h  m u s c l e .  I n :  T h e  P h y s i o l o g y  a n d  B i o c h e m i s t r y  
o f  M u s c l e  a s  a  F o o d . E d :  B r i s k e l y ,  E . J . ,  C a s s e a s ,  R . G .  a n d  
T r a n t m a n ,  J . C . ,  U n i v .  W i s c o n s i n  P r e s s ,  M a d i s o n ,  p p  1 9 7 - 2 0 3 .
B u t t k u s ,  H . J .  ( 1 9 7 0 )  . A c c e l e r a t e d  d e n a t u r a t i o n  o f  m y o s i n  i n  
f r o z e n  s o l u t i o n .  J o u r n a l  o f  F o o d  S c i e n c e  3 5 ,  p p  5 5 8 - 5 6 2 .
C a l c u t t ,  G .  a n d  D o x e y  D .  ( 1 9 6 2 )  . T h e  a p p a r e n t  g l u t a t h i o n e  
c o n t e n t  o f  s o m e  n o r m a l  t i s s u e s  a n d  s o m e  a n i m a l  t u m o u r s .  B r . 
J .  C a n c e r  1 6 ,  p p  5 6 2 - 5 6 9 .
C a m p a n e l l a ,  O . H ,  P o p p l e w e l l ,  J . M . ,  R o s e n a n ,  J . R  a n d  P e l e g  
( 1 9 8 7 ) .  J .  F o o d  S c i .  5 2  ( 5 )  p p  1 2 4 9 - 1 2 5 1 .
C a r e c h e  M , T e j a d a  M .  ( 1 9 9 0 ) .  T h e  h a k e  o f  n e u t r a l  a n d  o x i d i s e d  
l i p i d s  o n  f u n c t i o n a l l i t y  i n  h a k e  ( M e r l u c c i u  m e r l u c c i u s  L . )  
a  d i m e t h y l a m i n e  a n d  f o r m a l d e h y d e - f o r m i n g  s p e c i e s  d u r i n g  
f r o z e n  s t o r a g e  . F o o d  C h e m . 3 6 , 1 1 3 - 1 2 8 .
364
C a r e c h e ,  M a n d  T e j a d a ,  M ( 1 9 9 4 ) .  H a k e  n a t u r a l  a c t o m y o s i n  
i n t e r a c t i o n  w i t h  f r e e  f a t t y  a c i d s  d u r i n g  f r o z e n  s t o r a g e .  J . 
S c i .  F o o d  A c r r i c .  6 4 .  p p  5 0 1 - 5 0 7 .
C a s t e l l ,  C . ,  S m i t h ,  B .  a n d  D y e r ,  W . J .  ( 1 9 7 4 ) .  S i m u l t a n e o u s  
m e a s u r e m e n t s  o f  t r i m e t h y l a m i n e  a n d  d i m e t h y l  a m i n e s  i n  f i s h  
a n d  t h e i r  u s e  f o r  e s t i m a t i n g  q u a l i t y  o f  f r o z e n  s t o r e d  
g a d o i d  f i s h .  J .  o f  F i s h .  R e s .  B o a r d  C a n a d a . 3 1 . p p  3 8 3 - 3 8 9 .
C a s t e l l ,  C . H .  ( 1 9 7 1 ) .  M e t a l - c a t a l y s e d  l i p i d  o x i d a t i o n  a n d  
c h a n g e s  o f  p r o t e i n s  i n  f i s h .  J .  A m e r .  O i l  C h e m  S o c . 48 .,  p p  
6 4 5 - 6 4 9 .
C a s t e l l ,  C . H .  a n d  S m i t h ,  B .  ( 1 9 7 3 ) .  M e a s u r e m e n t  o f  f o r m a l d e h y d e  
i n  f i s h  m u s c l e  u s i n g  T C A  e x t r a c t i o n  a n d  t h e  N a s h  R e a g e n t .  
J o u r n a l  o f  F i s h e r i e s  R e s e a r c h  B o a r d  C a n a d a  3 0 . p p  9 1 - 9 8 .
C a s t e l l ,  C . H . ,  N e a l ,  W .  a n d  S m i t h ,  B .  ( 1 9 7 0 ) .  F o r m a t i o n  o f  
d i m e t h y l a m i n e  i n  s t o r e d  f r o z e n  s e a  f i s h .  J o u r n a l  o f  
F i s h e r i e s  R e s e a r c h  B o a r d  C a n a d a . 2 7 . p p  1 6 8 5 - 9 0 .
C a s t e l l ,  C . H . ,  S m i t h ,  B .  a n d  N e a l ,  W .  ( 1 9 7 1 ) .  P r o d u c t i o n  o f  
d i m e t h y l a m i n e  i n  m u s c l e  o f  s e v e r a l  s p e c i e s  o f  g a d o i d  f i s h  
d u r i n g  f r o z e n  s t o r a g e ,  e s p e c i a l l y  i n  t h e  p r e s e n c e  o f  d a r k  
m u s c l e .  J .  o f  F i s h e r i e s  R e s e a r c h  B o a r d  C a n a d a  28 .,  p p  1 - 5 .
C a s t e l l ,  C . H . ,  S m i t h ,  B .  a n d  D y e r ,  W . J .  ( 1 9 7 3 ) .  E f f e c t s  o f  
f o r m a l d e h y d e  o n  s a l t  e x t r a c t a b l e  p r o t e i n s  o f  G a d o i d  m u s c l e .  
J .  o f  F i s h e r i e s  R e s e a r c h  B o a r d  C a n a d a  3 0 ,  p p  1 2 0 5 - 1 2 1 3 .
C h e f t e l ,  J . C . ,  C u q ,  J . L . ,  L o r r i e n t  D .  ( 1 9 8 9 ) .  P r o t e i n a s  
A l i m e n t a r i a s . B i o q u i m i c a .  P r o p i e d a d e s  F u n c i o n a l e s . V a l o r  
N u t r i t i v o .  M o d i f i c a c i o n e s  q u i m i c a s .  E d :  A c r i b i a ,  Z a r a g o z a ,  
p p  3 4 6 .
C h i l d s ,  E . A . ( 1 9 7 3 )  . I n t e r a c t i o n  o f  f o r m a l d e h y d e  w i t h  f i s h
m u s c l e  i n  v i t r o .  J o u r n a l  o f  F o o d  S c i e n c e  3 8 , p p  1 0 0 9 - 1 1 .
C h i l d s ,  E . A .  ( 1 9 7 4 )  . F u n c t i o n a l i t y  o f  f i s h :  e m u l s i f i c a t i o n  
c a p a c i t y .  J .  o f  F i s h e r i e s  R e s .  B o a r d  C a n a d a  3 1 . p p  1 1 4 2 - 4 .
C h l a p o w s k i ,  K .  , D r a g a n i k  B .  a n d  W y s z n s k i ,  T h e  P o l i s h  h o r s e  
m a c k e r e l  f i s h e r y  i n  t h e  C u n e n e  a n d  C a o e  C r o s s  D i v i s i o n s  a n d  
i t s  i m p a c t  o n  h a k e .  C o l l e c t .  S c i .  P a p .  I C S E A F /  R e e l .  D o c .  
S c i .  C I P A S E  / C o l e c c .  D o c .  C o e n t .  C I P A S O . 9 ( 2 )  p p  6 5 - 7 2 .
365
C h o u ,  S . C .  a n d  G o l d s t e i n ,  A .  ( 1 9 6 0 ) .  C h r o m o g e n i c  g r o u p i n g s  i n  
t h e  L o w r y  p r o t e i n  d e t e r m i n a t i o n ,  B i o c h e m  J . 75., p p  1 0 9 - 1 1 5 .
C h u ,  G .  a n d  S t e r l i n g ,  C .  ( 1 9 7 0 )  . P a r a m e t e r s  o f  t e x t u r e  c h a n g e  i n  
p r o c e s s e d  f i s h :  m y o s i n  d e n a t u r a t i o n .  J o u r n a l  o f  T e x t u r e
S t u d i e s  2 ,  p p  2 1 4 - 2 2 2 .
C i a r l o  A . S ,  B o e r i  R . L  a n d  G i a n n i n i  D . H  ( 1 9 8 5 )  . S t o r a g e  l i f e  o f  
f r o z e n  b l o c k s  o f  P a t a g o n i a n  h a k e  ( M e r l u c c i u s  h u b b s )  
f i l l e t e d  a n d  m i n c e d  J .  F o o d  S c i e n c e  50., 7 2 3 - 7 2 6
C l e l a n d ,  W . W .  ( 1 9 6 8 )  A  s p e c i f i c  a n d  s e n s i t i v e  a s s a y  f o r  
d i s u l f i d e s .  J .  B i o l  C h e m . 2 4 3 . p p  7 1 6 - 7 2 0 .
C o h e n ,  C .  ( 1 9 7 5 ) .  T h e  p r o t e i n  S w i t c h  o f  m u s c l e  c o n t r a c t i o n .  
S c i e n t i f i c  A m e r i c a n  2 3 3  ( 5 ) . p p  3 6 - 4 5 .
C o l l i n s ,  V . K . ,  K u c h e l ,  C . C .  a n d  B e a t t y ,  S . A .  ( 1 9 4 1 ) .  S t u d i e s  o n  
f i s h  s p o i l a g e .  I X .  C h a n g e s  i n  b u f f e r i n g  c a p a c i t y  o f  c o d  
m u s c l e  p r e s s  j u i c e .  J .  F i s h .  R e s .  B o a r d  C a n .  5., p p  2 0 3 - 2 1 0 .
C o m p t o n ,  S . J .  a n d  J o n e s ,  C . G .  ( 1 9 8 5 )  . M e c h a n i s m s  o f  d y e  r e s p o n s e  
a n d  i n t e r f e r e n c e  i n  t h e  B r a d f o r d  P r o t e i n  A s s a y .  A n a l . 
B i o c h e m .  1 5 1 , p p  3 6 9 - 3 7 4 .
C o n n e l l ,  J . J .  ( 1 9 5 8 ) .  S t u d i e s  o n  t h e  p r o t e i n s  o f  f i s h  s k e l e t a l  
m u s c l e .  M o l e c u l a r  w e i g h t  a n d  s h a p e  o f  c o d  f i b r i l l a r  
p r o t e i n s .  B i o c h e m .  J . 7 0 , p p  8 1 - 9 1 .
C o n n e l l ,  J . J .  ( 1 9 5 9 ) .  S t u d i e s  o n  t h e  p r o t e i n s  o f  f i s h  s k e l e t a l  
m u s c l e .  A m i n o  a c i d  c o m p o s i t i o n  o f  c o d  f i b r i l l a r  p r o t e i n s .  
B i o c h e m .  J . 7 1 . p p  8 3 - 8 6 .
C o n n e l l ,  J . J .  ( 1 9 5 9 ) .  A g g r e g a t i o n  o f  c o d  m y o s i n  d u r i n g  f r o z e n  
s t o r a g e .  N a t u r e . 1 8 3 . 1 p p  6 6 4 - 6 6 5 .
C o n n e l l ,  J . J .  ( 1 9 6 0 ) .  C h a n g e s  i n  t h e  a c t i n  o f  c o d  f l e s h  d u r i n g  
s t o r a g e  a t  - 1 4 ° C .  J .  S c i e n c e  F o o d  A c r r i c . 1 1 ,  p p  5 1 5 - 5 1 9 .
C o n n e l l ,  J . J .  ( 1 9 6 0 ) .  C h a n g e s  i n  t h e  a d e n o s i n e  t r i p h o s p h a t a s e  
a c t i v i t y  a n d  s u l p h y d r y l  g r o u p  o f  c o d  f l e s h  d u r i n g  f r o z e n  
s t o r a g e .  J .  S c i e n c e  F o o d  A c r r i c . 1 1 . p p  2 4 5 - 2 4 9 .
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C o n n e l l ,  J . J .  ( 1 9 6 2 ) .  C h a n g e s  i n  a m o u n t  o f  m y o s i n  e x t r a c t a b i l i t y  
f r o m  c o d  f l e s h  d u r i n g  s t o r a g e  a t  - 1 4 ° C .  J .  S c i e n c e  F o o d  
A g r i c .  1 3 ,  p p  6 0 7 - 6 1 7 .
C o n n e l l ,  J . J .  ( 1 9 6 5 ) .  T h e  u s e  o f  s o d i u m  d o d e c y l  s u l p h a t e  i n  t h e  
s t u d y  o f  p r o t e i n  i n t e r a c t i o n s  d u r i n g  t h e  f r o z e n  s t o r a g e  o f  
c o d  f l e s h  a t  - 1 4 ° C .  J .  S c i e n c e  F o o d  A c r r i c . 16., p p  7 6 9 - 7 8 3 .
C o n n e l l ,  J . J .  ( 1 9 7 5 )  . T h e  r o l e  o f  f o r m a l d e h y d e  a s  p r o t e i n  c r o s s -  
l i n k i n g  a g e n t  a c t i n g  d u r i n g  t h e  f r o z e n  s t o r a g e  o f  c o d .  J .  
S c i .  F o o d  A g r i c . 26., p p  1 9 2 5 - 1 9 2 9 .
C o n n e l l ,  J . J .  ( 1 9 8 2 ) .  R e c e n t  t r e n d s  i n  f i s h  s c i e n c e s  a n d  
t e c h n o l o g y .  B u l l e t i n  o f  t h e  J a p a n e s e  S o c i e t y  o f  S c i e n t i f i c  
F i s h e r i e s  4 8  ( 8 ) . p p  1 0 2 9 - 1 0 4 0 .
C o n n e l l ,  J . J .  a n d  H o w g a t e ,  J . F .  ( 1 9 5 9 ) .  S t u d i e s  o n  t h e  p r o t e i n s  
o f  f i s h  s k e l e t a l  m u s c l e .  6 .  A m i n o  a c i d  c o m p o s i t i o n  o f  c o d  
m y o f i b r i l l a r  p r o t e i n s .  B i o c h e m .  J . 1 1 ,  p p  8 3 - 8 6 .
C o n n e l l ,  J . J .  a n d  H o w g a t e ,  P . F .  ( 1 9 6 8 ) .  S e a s o n  a n d  o b j e c t i v e  
m e a s u r e m e n t  o f  d i f f e r e n t  i n i t i a l  f r e s h n e s s .  J .  S c i e n c e  F o o d  
A g r i c .  19 .,  p p  3 4 2 - 3 5 4 .
C o n n e l l ,  J . S .  ( 1 9 6 2 ) .  C h a n g e s  i n  a m o u n t  o f  m y o s i n  e x t r a c t a b l e  
f r o m  c o d  f l e s h  d u r i n g  s t o r a g e  a t  - 1 4 ° C .  J .  S c i e n c e  F o o d  
A g r i c .  3., p p  6 0 7 - 6 1 7 .
C o o n ,  M . J .  a n d  A . V .  ( 1 9 8 0 ) .  M i c r o s o m a l  c y t o c h r o m e  P 4 5 0 :  A
c e n t r a l  c a t a l y s t  i n  d e t o x i f i c a t i o n .  I n :  E n z y m a t i c  B a s i s  o f  
D e t o x i f i c a t i o n . E d :  J a c o b y ,  W . B . ,  A c a d e m i c  P r e s s ,  N e w  Y o r k  
V o l  1 .  p  1 1 7 - 1 3 0 .
C o w i e ,  W . P .  a n d  L i t t l e ,  W . T .  ( 1 9 6 6 )  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  
t o u g h n e s s  o f  c o d  s t o r e d  a t  - 2 0 ° C  a n d  i t s  m u s c l e  p r o t e i n  
s o l u b i l i t y  a n d  p H .  J .  o f  F o o d  T e c h n o l o g y  1 ,  p p  3 3 5 - 3 4 3 .
C r a w f o r d ,  D . L . ,  L a w ,  D . K . ,  B a b b i t ,  J . K .  a n d  M c G i l l ,  L . A .  ( 1 9 7 9 ) .  
C o m p a r a t i v e  s t a b i l i t y  a n d  d e s i r a b i l i t y  o f  f r o z e n  P a c i f i c  
h a k e  f i l l e t s  a n d  m i n c e d  b l o c k s .  J .  F d .  S c i . . 4 4  ( 2 )  . p p
3 6 3 - 3 6 7 .
C r e i g g h t o n  T . E  ( 1 9 9 3 ) .  C h e m i c a l  p r o p e r t i e s  o f  p o l y p e p t i d e s .  I n :  
P r o t e i n s  s t r u c t u r e s  a n d  m o l e c u l a r  p r o p e r t i e s  2 n d  e d i t i o n  
W . H  F r e e m a n  a n d  C o m p a n y  N e w  Y o r k  p p  1 - 4 7 .
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C r a w f o r d  R . J . M . ,  S h a n n o n  L . V  a n d  P o l l o c k  D . E  ( 1 9 8 7 ) .  T H e  
B e n g u e l a  e c o s y s t e m .  P a r t  I V .  T h e  m a j o r  f i s  a n d  i n v e r t e b r a t e  
r e s o u r c e s .  O c e a n o g r . M a r i .  B i o l .  A n n . R e v .  2 5 , p p  3 5 3 - 5 0 5 .
C u l l i n g ,  C . F . A .  ( 1 9 7 4 ) .  H a n d b o o k  o f  H i s t o p a t h o l o g i c a l  a n d  
H i s t o c h e m i c a l  T e c h n i q u e s . 3 r d  E d i t i o n ,  B u t t e r w o r t h s , 
L o n d o n .
C u m m i n s ,  P .  a n d  P e r r y ,  S . V .  ( 1 9 7 3 ) .  C h e m i c a l  a n d  i m m u n o c h e m i c a l  
c h a r a c t e r i s t i c s  o f  t r o p o m y o s i n  f r o m  s t r i a t e d  a n d  s m o o t h  
m u s c l e .  B i o c h e m .  J . 1 4 1 , p p  4 3 - 4 9 .
D a v i d s o n ,  J . N .  ( 1 9 7 2 )  . T h e  B i o c h e m i s t r y  o f  N u c l e i c  A c i d s . 7 t h  
E d i t i o n .  C h a p m a n  a n d  H a l l  a n d  S c i e n c e  P a p e r b a c k .
D a v i e s ,  G . E .  a n d  S t a r k ,  G . R .  ( 1 9 7 0 ) .  U s e  o f  d i m e t h y l  
s u b e r i m i d a t e ,  a  c r o s s l i n k i n g  r e a g e n t ,  i n  s t u d y i n g  t h e  
s u b u n i t  s t r u c t u r e  o f  o l i g o m e r i c  p r o t e i n s .  P r o c e e d i n g s  o f  
t h e  N a t i o n a l  A c a d e m y  o f  S c i e n c e s . 6 6 ( 3 ) , p p  6 5 1 - 6 5 6 .
D a w s o n ,  R . M . C . ,  E l l i o t ,  D . C . ,  E l l i o t ,  W . M .  a n d  J o n e s ,  K . M .  
( E d s . )  ( 1 9 7 2 ) .  D a t a  f o r  B i o c h e m i c a l  R e s e a r c h . 2 n d  E d i t i o n .  
C l a r e n d o n  P r e s s ,  O x f o r d .
D e e t h a r d t ,  D .  a n d  T u m a ,  H . J .  ( 1 9 7 9 ) .  A  h i s t o l o g i c a l  e v a l u a t i o n  
o f  c o n n e c t i v e  t i s s u e  i n  l o n g i s s i m u s  d o r s i  m u s c l e  o f  r a w  a n d  
c o o k e d  p o r k .  J o u r n a l  o f  F o o d  S c i e n c e  36., p p  5 6 3 - 5 6 5 .
D e l a n e y ,  R . A  M .  ( 1 9 7 5 )  . T h e  n u t r i t i v e  v a l u e  o f  p o r c i n e  b l o o d  
p l a s m a  c o n c e n t r a t e s  p r e p a r e d  b y  u l t r a f i l t r a t i o n  a n d  s p r a y  
d r y i n g .  J .  o f  t h e  S c i .  o f  F o o d  A g r i c .  2 6 ,  p p  3 0 3 - 3 1 0 .
d e  M a n ,  J .  ( 1 9 9 0 )  . P r i n c i p l e s  o f  F o o d  C h e m i s t r y . 2 n d  E d i t i o n .  
V a n  N o s t r a n d  R e i n h o l d .
d e  M a n ,  J . M  ( 1 9 8 0 ) .  P r i n c i p l e s  o f  f o o d  c h e m i s t r y . A l  P u b l i s h i n g  
C o .  I n c .  C o n n e c t i c u t .
D e n n i s ,  G . ,  O l s o n ,  F . C . ,  P a r r i s h ,  J . R .  a n d  S t o m e ,  M . H .  ( 1 9 7 6 ) .  
M y o f i b r i l  f r a g m e n t a t i o n  a n d  s h e a r  r e s i s t a n c e  o f  t h r e e  
b o v i n e  m u s c l e s  d u r i n g  p o s t m o r t e m  s t o r a g e .  J o u r n a l  o f  F o o d  
S c i e n c e  4 1 . p p  1 0 3 6 - 1 0 4 1 .
D e R o s i e r ,  D . J .  a n d  T i l n e r ,  L . G .  ( 1 9 8 4 )  . T h e  f o r m  a n d  f u n c t i o n  o f
a c t i n ,  a  p r o d u c t  o f  i t s  u n i q u e  d e s i g n .  J .  C e l l  M u s c l e
M o t i l . 5 ,  p p  1 3 9 - 1 6 9 .
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D e w a r ,  W . K . ,  J o h n s ,  R . B . ,  K e l l y  D . P .  a n d  Y a t e s ,  J . F .  ( 1 9 7 5 ) .  
C r o s s l i n k i n g  o f  a m i n o  a c i d s  b y  f o r m a l d e h y d e  13C  N M R  s p e c t r a  
o f  m o d e l  c o m p o u n d s .  A u s t . J .  C h e m . 25., p p  9 1 7 - 9 2 4 .
D i c k i n s o n ,  E .  a n d  S t a i n s b y ,  G .  ( 1 9 8 7 )  . P r o g r e s s  i n  t h e  
f o r m u l a t i o n  o f  f o o d  e m u l s i o n s  a n d  f o a m s .  F o o d  T e c h n o 1 . 
S e p t e m b e r ,  4 1 ,  p p  7 4 - 8 1 .
D i c k i n s o n ,  E .  a n d  S t a i n s b y ,  G .  ( 1 9 8 2 )  . C o l l o i d s  i n  F o o d . 
E l s e v i e r  A p p l i e d  S c i e n c e ,  L o n d o n .
D i e z ,  M . J . F . ,  O s u g a ,  D . T .  a n d  F e e n e y ,  R . E .  ( 1 9 6 4 ) .  T h e  
s u l f h y d r y l  o f  a v i a n  o v a l b u m i n ,  b o v i n e  S - l a c t o g l o b u l i n ,  a n d  
b o v i n e  s e r u m  a l b u m i n .  A r c h .  B i o c h e m .  B i o p h v s . 1 0 7 . p p  4 4 9 -  
4 5 8 .
D i n g l e ,  J . R .  a n d  H i n e s ,  J . H .  ( 1 9 7 5 ) .  P r o t e i n  i n s t a b i l i t y  i n  
m i n c e d  f l e s h  f r o m  f i l l e t s  a n d  f r a m e s  o f  s e v e r a l  c o m m e r c i a l  
A t l a n t i c  f i s h e s  d u r i n g  s t o r a g e  a t  - 5 ° C .  J o u r n a l  o f  
F i s h e r i e s  R e s e a r c h  B o a r d  C a n a d a  32., p p  7 7 5 - 8 3 .
D i n g l e ,  J . R . ,  K e i t h ,  R . A .  a n d  L a l l ,  B .  ( 1 9 7 7 ) .  P r o t e i n  
i n s t a b i l i t y  i n  f r o z e n  s t o r a g e  i n d u c e d  i n  m i n c e d  m u s c l e  o f  
f l a t f i s h e s  b y  m i x t u r e  w i t h  t h e  m u s c l e  o f  r e d  h a k e .  C a n a d a  
I n s t .  F o o d  S c i .  T e c h n o l o g y .  J . 1 0 . p p  1 4 3 - 1 4 6 .
D u b e ,  G . ,  B r a m b l e t t ,  V . D . ,  J u d g e ,  M . D .  a n d  H a r r i n g t o n ,  R . B .
( 1 9 7 2 )  . P h y s i c a l  p r o p e r t i e s  a n d  s u l f h y d r y l  c o n t e n t  o f  
b o v i n e  m u s c l e s .  J o u r n a l  o f  F o o d  S c i e n c e  3 7 . p p  2 3 - 2 6 .
D u c e ,  S . L . ,  C a r p e n t e r ,  T . A .  a n d  H a l l ,  L . D .  ( 1 9 9 0 ) .  U s e  o f  N M R  
i m a g i n g  t o  m a p  t h e  s p a t i a l  d i s t r i b u t i o n  o f  s t r u c t u r e  i n  
p o l y s a c c h a r i d e  g e l s .  C a r b o h y d r a t e s  R e s e a r c h  C 1 - C 4 .
D u n a j s k i ,  E .  ( 1 9 7 9 ) .  T e x t u r e  o f  f i s h  m u s c l e .  J o u r n a l  o f  T e x t u r e  
S t u d i e s . 1 0 ,  p p  3 0 1 - 3 1 8 .
D y e r ,  W .  J .  , F r e n c h  H . V  a n d  S n o w  J . M  ( 1 9 5 0 )  . P r o t e i n  i n  f i s h  
m u s c l e .  E x t r a c t i o n  o f  p r o t e i n  f r a c t i o n s  i n  f i s h  f l e s h .  
J o u r n a l  o f  F i s h e r i e s  R e s e a r c h  B o a r d  C a n a d a  7 ,  p p  5 8 5 - 5 9 3 .
D y e r ,  W . J .  ( 1 9 5 1 ) .  P r o t e i n  d e n a t u r a t i o n  i n  f r o z e n  a n d  s t o r e d  
f i s h .  F d .  R e s . 16 ., p p  5 2 2 - 5 2 7 .
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D y e r ,  W . J .  ( 1 9 5 2 )  . A m i n e s  i n  f i s h  m u s c l e .  V I .  T M A O  c o n t e n t  o f  
f i s h  a n d  m a r i n e  i n v e r t e b r a t e s .  J o u r n a l  o f  F i s h e r i e s  
R e s e a r c h  B o a r d  C a n a d a  8 , p p  3 1 4 - 3 2 4 .
D y e r ,  W . J . ,  D y e r ,  F . E ,  a n d  S n o w  , J . M .  ( 1 9 5 2 ) .  A m i n e s  i n  f i s h  
m u s c l e .  V .  T r i m e t h y l a m i n e  o x i d e  e s t i m a t i o n .  J .  F i s d h  R e s .  
B d . C a n . 8 , p p  3 0 9 - 3 1 3 .
D y e r ,  W . J .  a n d  D i n g l e ,  J . R .  ( 1 9 6 1 ) .  F i s h  p r o t e i n s  w i t h  s p e c i a l  
r e f e r e n c e  t o  f r e e z i n g .  I n :  F i s h  a s  F o o d . E d :  B o r g s t r o m ,
A c a d e m i c  P r e s s ,  N e w  Y o r k ,  1 p  2 7 5 - 3 2 7 .
D y e r ,  W . J .  a n d  M o u n s e y ,  Y . A .  ( 1 9 4 5 ) .  A m i n e s  i n  f i s h  m u s c l e .  I I .  
D e v e l o p m e n t  o f  T M A  a n d  o t h e r  a m i n e s . J o u r n a l  o f  F i s h e r i e s  
R e s e a r c h  B o a r d  C a n a d a  6 , p p  3 5 9 - 3 6 7 .
E b a s h i ,  S .  ( 1 9 7 3 )  . P r o t e i n s  o f  t h e  m y o f i b r i l .  T h e  s t r u c t u r e  a n d  
f u n c t i o n  o f  m u s c l e . E d :  B o u r n e ,  G . H .  2 n d  e d i t i o n  A c a d e m i c  
P r e s s ,  N e w  Y o r k  3. p p  2 8 5 - 3 6 2 .
E g a n ,  H . ,  K i r k  R . S  a n d  S a w y e r  R  ( 1 9 8 1 ) .  P e a r s o n s  c h e m i c a l  
a n a l y s i s  o f  f o o d s . 8 t h  e d i t i o n ,  L o n g m a n  S c i e n t i f  a n d  
T e c h n i c a l ,  U K .
E g e l m a n ,  E . H .  ( 1 9 8 5 )  S t r u c t u r e  o f  t h e  a c t i n  f i l a m e n t .  J o u r n a l  o f  
M u s c l e  R e s e a r c h  a n d  C e l l  M o t i l i t y  6 ,  p p  1 2 9 - 1 5 1 .
E l l m a n ,  G . L  ( 1 9 5 9 )  . T i s s u e  s u l p h y d r y l  g r o u p s .  A r c h . B i o p h y s . 8 2 . 
p p  7 0 - 7 7 .
E l z i n g a  M . ,  C o l l i n s  J . E .  a n d  K u e h l ,  W . M .  ( 1 9 7 3 ) .  C o m p l e t e  a m i n o  
a c i d s  s e q u e n c e  o f  a c t i n  o f  r a b b i t  s k e l e t a l  m u s c l e .  P r o c . 
N a t l .  A c a d .  S c i e n c e  U . S . A . 7 0 ,  p p  2 6 8 7 - 2 6 9 1 .
E n g v a l ,  E .  a n d  P e r l m a n n ,  P .  ( 1 9 7 1 ) .  E n z y m e  L i n k e d  I m m u n o s o r b e n t  
A s s a y  ( E L I S A ) : q u a n t i t a t i v e  a s s a y  o f  I m m u n o g l o b u l i n  G .
I m m u n o c v t o c h e m i s t r v . 8., p p  8 7 1 - 8 7 4 .
E s k i n ,  M .  ( 1 9 9 0 ) ,  B i o c h e m i s t r y  o f  F o o d s . 2 n d  E d i t i o n .  A c a d e m i c  
P r e s s  I n c . ,  C a l i f o r n i a .
F A O  ( 1 9 8 0 ) ,  F o o d  a n d  N u t r i t i o n  p a p e r  1 4 / 2 ,  M a n u a l s  o f  F o o d  
Q u a l i t y  C o n t r o l ,  2 .  A d d i t i v e s ,  C o n t a m i n a t e s ,  T e c h n i q u e s ,  
F A O ,  R o m e  p  2 5 .
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F a r b e r ,  L .  ( 1 9 6 2 ) .  F r e s h n e s s  t e s t s .  I n :  F i s h  a s  F o o d , E d :
B o r g s t r o m ,  G . ,  A c a d e m i c  P r e s s ,  N e w  Y o r k ,  4 p p  6 5 - 1 2 6 .
F e n n e m a ,  O . K .  ( 1 9 7 6 ) .  P r i n c i p l e s  o f  F o o d  S c i e n c e .  P a r t  1 .  F o o d  
C h e m i s t r y . E d :  F e n n e m a ,  O . K .
F e n n e m a ,  O . R .  ( 1 9 7 3 ) .  F r e e z i n g  i n j u r y  a n d  c r y o p r o t e c t a n t s . I n :  
L o w  T e m p e r a t u r e  P r e s e r v a t i o n  o f  F o o d s  a n d  L i v i n g  m a t t e r . 
E d :  F e n n e m a ,  O . R . ,  P o w r i e ,  W . D .  a n d  M a r t h ,  E . H . ,  M a r c e l
D e k k e r ,  N e w  Y o r k  4 7 6 - 4 9 7 .
F e n n e m a ,  O . R .  ( 1 9 8 1 ) .  W a t e r  a c t i v i t y  a t  s u b f r e e z i n g  t e m p e r a t u r e .  
I n :  W a t e r  A c t i v i t y :  I n f l u e n c e  o n  F o o d  Q u a l i t y . E d :
R o c k l a n d ,  L . B .  a n d  S t e w a r t ,  G . F . ,  A c a d e m i c  P r e s s ,  N e w  Y o r k ,  
p p .  7 1 3 - 3 2 .
F e r n a n d e z - R e i r i z , M . J . ,  P a s t o r i z a ,  L .  a n d  S a m p e d r o ,  G .  ( 1 9 9 2 ) .  
L i p i d  c h a n g e s  i n  m u s c l e  t i s s u e  o f  r a y  ( R a j a  c l a v a t a )  d u r i n g  
p r o c e s s i n g  a n d  f r o z e n  s t o r a g e .  J .  A g r i c .  F o o d  C h e m . 4 9  ( 3 )  , 
p p  4 8 4 - 4 8 8 .
F e r r i s ,  J . P . ,  G e r w e ,  R . D .  a n d  G a p s k i ,  G . R .  ( 1 9 6 7 ) .  
D e t o x i f i c a t i o n  m e c h a n i s m s .  I I .  T h e  i r o n  c a t a l y s e d  
d e a l k y l a t i o n  o f  T M A O .  J .  A m e r .  C h e m .  S o c . 89., p p  5 2 7 0 - 5 2 7 5 .
F i n n e ,  G .  ( 1 9 9 2 )  . N o n - p r o t e i n  n i t r o g e n  c o m p o u n d s  i n  f i s h  a n d  
s h e l l f i s h .  I n :  A d v a n c e s  i n  S e a f o o d  B i o c h e m i s t r y .
C o m p o s i t i o n  a n d  Q u a l i t y . E d :  F l i c k ,  G . J .  J n r .  a n d  M a r t i n ,  
R . ,  T e c h n o m i c  P u b .  C o .  p p  3 9 3 - 4 0 2 .
F l u c k ,  R . C  a n d  A h m e d ,  E . M  ( 1 9 7 4 )  . M e a s u r e m e n t  b y  c o m p r e s s i o n  
T e s t  o f  I m p a c t  D a m a g e  t o  c i t r u s  f r u i t s .  J .  T e x t u r e  S t u d i e s . 
4 ,  p p  4 9 4 - 5 0 0 .
F r a e n k e l - C o n r a t , H .  a n d  O l c o t t ,  H . S .  ( 1 9 4 8 ) .  T h e  r e a c t i o n  o f  
f o r m a l d e h y d e  w i t h  p r o t e i n s .  V .  C r o s s - l i n k i n g  b e t w e e n  a m i n o  
a n d  p r i m a r y  a m i d e  o r  g u a n i d y l  g r o u p s .  J .  A m .  C h e m .  S o c . 7 0 ,  
p p  2 6 7 3 - 2 6 8 4 .
F r a n c a ,  ( 1 9 5 4 ) .  C o n t r i b u i c a o  p a r a  o  c o n h e c i m e n t o  d o  g e n e r o  
M e r l u c c i u s  n o  A t l a n t i c o  O r i e n t a l  a o  s u l  d o  e q u a d o r .  T r a b h s . 
M i s s .  B i o l .  M a r i n .  8 4 6 - 9 8 .
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F r e n c h ,  D .  a n d  E d s a l l ,  J . T .  ( 1 9 4 5 )  . T h e  r e a c t i o n  o f  f o r m a l d e h y d e  
w i t h  a m i n o  a c i d s  a n d  p r o t e i n s .  A d v .  P r o t e i n  C h e m i s t r y  2 ,  p p  
2 7 7 - 3 3 6 .
F r i e d m a n ,  M .  ( 1 9 7 3 )  . T h e  c h e m i s t r y  a n d  b i o c h e m i s t r y  o f  t h e  
s u l f h y d r y l  g r o u p  i n  a m i n o  a c i d s ,  p e p t i d e s  a n d  p r o t e i n s . 
P e r g a m o n ,  O x f o r d .
F r i g o n ,  R . P .  a n d  L e e ,  J . C .  ( 1 9 7 2 ) .  T h e  s t a b i l i z a t i o n  o f  c a l f -  
b r a i n  m i c r o t u b u l e  p r o t e i n  b y  s u c r o s e .  A r c h . B i o c h e m i . 
B i o p h y s . 1 5 3 , p p  5 8 7 - 5 8 9 .
F u n g ,  K .  a n d  G r o s j e a n ,  D .  ( 1 9 8 1 )  . D e t e r m i n a t i o n  o f  n a n o g r a m  
a m o u n t s  o f  c a r b o n y l s  a s  2 , 4 - d i n i t r o p h e n y l h y d r a z o n e s  b y  
h i g h - p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y .  A n a l . C h e m . 5 3 , p p  
1 6 8 - 1 7 1 .
G a l l u z o ,  S . J .  a n d  R e g e n s t e i n ,  J . M .  ( 1 9 7 8 )  . R o l e  o f  c h i c k e n  
b r e a s t  m u s c l e  p r o t e i n s  i n  m e a t  e m u l s i o n  f o r m a t i o n :  m y o s i n ,  
a c t i n  a n d  s y n t h e t i c  a c t o m y o s i n .  J .  o f  F o o d  S c i .  4 3 . p p  
1 7 6 1 - 1 7 6 5 .
G a l l u z o ,  S . J .  a n d  R e g e n s t e i n ,  J . M .  ( 1 9 7 8 ) .  E m u l s i o n  c a p a c i t y  a n d  
t i m e d  e m u l s i f i c a t i o n  o f  c h i c k e n  b r e a s t  m u s c l e  m y o s i n .  
J o u r n a l  o f  F o o d  S c i e n c e  43 .,  p p  1 7 5 7 - 1 7 6 0 .
G a r f i n k e l ,  D .  ( 1 9 5 8 ) .  S t u d i e s  o n  p i g  l i v e r  m i c r o s o m e s .  I .  
E n z y m a t i c  a n d  p i g m e n t  c o m p o s i t i o n  o f  d i f f e r e n t  m i c r o s o m a l  
f r a c t i o n s .  A r c h .  B i o c h e m .  B i o p h y s .  7 7 ,  p p  4 9 3 - 5 0 9 .
G e l s m a ,  S .  a n d  S t u u r ,  C . R .  ( 1 9 7 4 ) .  I n t .  P e p t i d e  P r o t e i n , 4  p p  
3 7 7 - 3 8 3 .
G e r s h o n i ,  J . M  a n d  P a l a d e ,  G . E  ( 1 9 8 3 ) .  P r o t e i n  B l o t t i n g :  
P r i n c i p l e s  a n d  a p p l i c a t i o n s ,  A n a l .  B i o c h e m .  1 3 1 . 1 - 1 5 .
G e n d r o n .  I . S . ,  ( 1 9 8 0 ) .  M a r k e t s  f o r  h a k e .  M a r .  F i s h .  R e s .  B o a r d
C a n . 4 2 , 5 0 .
G i d d i n g s ,  G . G .  a n d  H i l l ,  L . N .  ( 1 9 7 8 ) .  R e l a t i o n s h i p  o f  f r e e z i n g  
p r e s e r v a t i o n  p a r a m e t e r s  t o  t e x t u r e - r e l a t e d  s t r u c t u r a l  
d a m a g e  t o  t h e r m a l l y  p r o c e s s e d  c r u s t a c e a n  m u s c l e .  J . F o o d  
P r o c .  P r e s e r v . 2 ,  p p  2 4 9 .
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G i l l ,  T . A . ,  a n d  P a u l s o n ,  A . T .  ( 1 9 8 2 ) .  L o c a l i s a t i o n ,  
c h a r a c t e r i s a t i o n  a n d  p a r t i a l  p u r i f i c a t i o n  o f  T M A O a s e .  C o m p .  
B i o c h e m .  P h y s . 7 I B  p p  4 9 - 5 6 .
G i l l ,  T . A . a n d  T h o m p s o n ,  J . W .  ( 9 1 8 4 )  . R a p i d  a u t o m a t e d  a n a l y s i s  
o f  a m i n e s  i n  s e a  f o o d  b y  i o n - m o d e r a t e d  p a r t i t i o n  H P L C .  J .  
o f  F o o d  S c i e n c e  4 9 , p p  6 0 3 - 6 0 6 .
G i l l ,  T . A . ,  K e i t h ,  R . A  a n d  S m i t h  L a l l ,  B .  ( 1 9 7 9 ) .  T e x t u r a l  
d e t e r i o r a t i o n  o f  r e d  h a k e  a n d  h a d d o c k  m u s c l e  i n  f r o z e n  
s t o r a g e  a s  r e l a t e d  t o  c h e m i c a l  p a r a m e t e r s  a n d  c h a n g e s  i n  
t h e  m y o f i b r i l l a r  p r o t e i n s .  J .  o f  F o o d  S c i e n c e  4 4 ,  p p  6 6 1 -  
6 6 7 .
G l e n n e y ,  J . ,  ( 1 9 8 6 ) .  A n t i b o d y  p r o b i n g  o f  W e s t e r n  B l o t s  w h i c h
h a v e  b e e n  s t a i n e d  w i t h  I n d i a  I n k .  A n a l .  B i o c h e m .  1 5 6 , 3 1 5 -  
3 1 9 .
G l a u e r t ,  A . M .  ( 1 9 7 4 ) .  F i x a t i o n ,  d e h y d r a t i o n  a n d  e m b e d d i n g  o f  
b i o l o g i c a l  s p e c i m e n s .  I n :  P r a c t i c a l  M e t h o d s  i n  E l e c t r o n
M i c r o s c o p y  E d :  G l a u e r t ,  A . M . ,  N o r t h - H o l l a n d ,  A m s t e r d a m  1 -  
1 8 6 .
G o o d ,  N . E .  a n d  I z a w a ,  S .  ( 1 9 7 2 ) .  H y d r o g e n  i o n  b u f f e r s .  I n :  
M e t h o d s  i n  E n z v m o l o a y . E d :  S a n  P i e t r o ,  A . ,  A c a d e m i c  P r e s s ,  
N e w  Y o r k  a n d  L o n d o n .  2 4 ( B ) . p p  5 3 - 6 8 .
G o r n a l l ,  A . G . ,  B a r d w i l l ,  C . J .  a n d  D a v i d ,  M . M .  ( 1 9 4 9 ) .  
D e t e r m i n a t i o n  o f  s e r u m  p r o t e i n s  b y  m e a n s  o f  t h e  B i u r t e  
r e a c t i o n .  J .  B i o l .  C h e m . 4 9 ,  p p  7 5 1 - 7 6 6 .
G r e e n ,  L . E .  J r . ,  E i s e n b e r g ,  E .  a n d  A d e l s t e i n ,  R . S .  ( 1 9 8 3 ) .  
B i n d i n g  o f  g i z z a r d  s m o o t h  m u s c l e  m y o s i n  s u b f r a g m e n t - 1  t o  
a c t i n  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  A d e n o s i n e - 5 -  
t r i p h o s p h a t e . B i o c h e m i s t r y  22 .,  p p  5 3 0 - 5 5 5 .
)
G r o n i n g e r ,  H . S .  ( 1 9 5 8 ) .  F i s h  s p o i l a g e .  I .  D e t e r m i n a t i o n  o f  
b a c t e r i a l  m e t a b o l i t e s  b y  g a s  c h r o m a t o g r a p h y .  C o m m l . F i s h .  
R e v . 20., p p  2 3 - 2 6 .
G u e n g e r i c h ,  F . P .  a n d  S h i m a d a ,  T .  ( 1 9 9 1 ) .  O x i d a t i o n  o f  t o x i c  a n d  
c a r c i n o g e n i c  c h e m i c a l s  b y  h u m a n  c y t o c h r o m e  P - 4 5 0  e n z y m e s .  
C h e m .  R e s .  T o x . 4 ( 4 )  p p  3 9 1 - 4 0 7 .
H a b e e b ,  A . F . S . A .  ( 1 9 7 2 ) .  R e a c t i o n  o f  p r o t e i n  s u l p h y d r y l  g r o u p s  
w i t h  E l l m a n ' s  r e a g e n t .  I n :  E n z y m e  S t r u c t u r e . ( E d :  H i r s ,
C . H . ,  M e t h o d s  i n  E n z y m o l . . A c a d e m i c  P r e s s ,  N . Y  2 5  p p  4 5 7 .
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H a b e e b ,  A . F . S . A .  a n d  H i r a m o t o ,  R .  ( 1 9 6 8 ) .  R e a c t i o n  o f  p r o t e i n  
w i t h  g l u t a r a l d e h y d e .  A r c h .  B i o c h e m .  B i o p h v s . 1 2 6 . p p  1 6 - 2 6 .
H a i l i n g ,  P . J .  ( 1 9 8 1 ) .  P r o t e i n - s t a b i l i s e d  f o a m s  a n d  e m u l s i o n s .  
C R C  C r i t i c a l  R e v ,  i n  F .  S c i .  a n d  N u t r i t i o n . 1 5 , p p  1 5 5 - 2 0 3 .
H a m e s ,  B . D .  ( 1 9 8 1 )  . I n :  G e l  E l e c t r o p h o r e s i s  o f  P r o t e i n s : A
P r a c t i c a l  A p p r o a c h . E d :  H a m e s ,  B . D .  a n d  R i c k w o o d ,  D . ,  I R L  
P r e s s ,  O x f o r d  a n d  W a s h i n g t o n  D . C .  p p  1 - 9 1 .
H a m e s ,  B . D .  ( 1 9 9 0 )  . O n e  d i m e n s i o n a l  p o l y a c r y l a m i d e  g e l  
e l e c t r o p h o r e s i s .  I n :  E l e c t r o p h o r e s i s  o f  P r o t e i n s :  a
P r a c t i c a l  A p p r o a c h . E d :  H a m e s ,  B . D .  a n d  R i c k w o o d ,  D . ,  I R L  
P r e s s ,  O x f o r d ,  p p  1 - 1 4 7 .
H a m o i r ,  G .  ( 1 9 5 5 ) .  F i s h  p r o t e i n s .  A d v .  i n  P r o t e i n  C h e m . X .  p p  
2 2 7 - 2 8 8 .
H a n o a k a ,  K .  a n d  T o y o m i z u ,  M .  ( 1 9 7 9 )  . A c c e l e r a t i o n  o f  
p h o s p h o l i p i d  d e c o m p o s i t i o n  o f  f i s h  m u s c l e  b y  f r e e z i n g .  
B u l l .  J a p .  S o c .  S c i .  F i s h . 4 5 ,  p p  4 6 5 .
H a n s o n  a n d  L o w r y  ( 1 9 6 3 )  . T h e  s t r u c t u r e  o f  F - a c t i n  a n d  a c t i n  
f i l a m e n t s  i s o l a t e d  f r o m  m u s c l e .  J .  M o l .  B i o l . 6., p p  4 6 - 6 0 .
H a n s o n ,  J .  a n d  L o w y ,  J .  ( 1 9 6 3 )  . T h e  s t r u c t u r e  o f  a c t i n  a n d  o f  
a c t i n  f i l a m e n t s  i s o l a t e d  f r o m  m u s c l e .  J .  M o l e c .  B i o l . 6 ,  p p  
4 6 - 6 0 .
H a r a d a ,  K .  ( 1 9 7 5 ) .  S t u d i e s  o n  t h e  e n z y m e  c a t a l y s i n g  t h e  
f o r m a t i o n  o f  f o r m a l d e h y d e  a n d  d i m e t h y l a m i n e  i n  t i s s u e  o f  
f i s h e s  a n d  s h e l l s .  J .  S h i m .  U n i v e r s i t y  F i s h  23., p p  1 6 3 - 2 4 2 .
H a r d y  , M . F . ,  H a r r i s ,  C . I . ,  P e r r y ,  S . V .  a n d  S t o n e ,  P .  ( 1 9 7 0 ) .  
O c c u r r e n c e  a n d  f o r m a t i o n  o f  t h e  N - m e t h y l l y s i n e  i n  m u s c l e  
a n d  m y o f i b r i l l a r  p r o t e i n .  B i o c h e m .  J . 1 2 0 ,  p p  6 5 3 - 6 6 0 .
H a r l o w  a n d  L a n e ,  ( 1 9 8 8 ) .  A n t i b o d i e s : A  L a b o r a t o r y  M a n u a l . C o l d  
S p r i n g  H a r b o r  L a b o r a t o r y ,  C o l d  S p r i n g  H a r b o r ,  N e w  Y o r k .
H a r r i n g t o n ,  F . W ,  ( 1 9 7 9 )  . C o n t r a c t i l e  p r o t e i n s  o f  m u s c l e .  I n :  T h e  
P r o t e i n s . 3 r d  E d i t i o n .  E d :  N e u r a t h ,  H .  a n d  H i l l ,  R . L . ,
A c a d e m i c  P r e s s ,  p p  2 4 5 - 4 0 9
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H a r r i s ,  E .  a n d  A n g e l ,  S .  ( 1 9 9 0 ) .  P r o t e i n  P u r i f i c a t i o n  
A p p l i c a t i o n s :  a  P r a c t i c a l  A p p r o a c h . I R L  P r e s s ,  O x f o r d .
H a r r i s  E . L . V  ( 1 9 8 7 ) .  M i c r o m e t h o d s  i n  p r o t e i n  c h e m i s t r y .  I n :  
T e c h n i q u e s  i n  m o l e c u l a r  b i o l o g y . ( E d s )  . W a l k e r  J . M  a n d  
G a a s t r a  W .  C r o o m  H e l m ,  L o n d o n  & S y d n e y ,  2  p p  1 - 3 1 .
H a t f i e l d ,  R . M  . ,  M o r r i s  B . A  a n d  H e n r y  R . R  ( 1 9 8 7 )  . D e v e l o p m e n t  o f  
a n  e n z y m e  l i n k e d  i m m u n o s o r b e n t  a s s a y  f o r  t h e  d e t e c t i o n  o f  
h u m o r a l  a n t i b o d y .  A v i a n  P a t h .  1 6 ,  1 2 3 - 1 4 0
H a y a s e ,  F .  K a t o ,  H .  a n d  F u j i m a k i ,  M .  ( 1 9 7 5 ) .  R a c e m i z a t i o n  o f  
a m i n o  a c i d  r e s i d u e s  i n  p r o t e i n s  a n d  p o l y - L - a m i n o  a c i d  
d u r i n g  r o a s t i n g .  J .  A g r i c . F o o d  C h e m . 23., p p  4 9 1 - 4 9 4 .
H a y a s e ,  F .  K a t o ,  H .  a n d  F u j i m a k i ,  M .  ( 1 9 7 9 ) .  R a c e m i z a t i o n  o f  
a m i n o  a c i d  r e s i d u e s  i n  c a s e i n  w i t h  g l u c o s e  a n d / o r  m e t h y l  
l i n o l e a t e .  A q  r i c .  B i o l .  C h e m . 4 3 . p p  2 4 5 9 - 2 4 6 5 .
H a y a t ,  M . A .  ( 1 9 8 1 ) .  F i x a t i o n  f o r  E l e c t r o n  M i c r o s c o p y . A c a d e m i c  
P r e s s ,  L o n d o n ,  p  1 1 0 .
H e l e n i u s A . ,  M c C a s l i n ,  D . R . ,  F r i e s ,  E .  a n d  T a n f o r d ,  N . C .  ( 1 9 7 9 ) .  
P r o p e r t i e s  o f  d e t e r g e n t s .  I n :  M e t h o d s  i n  E n z v m o l o c r y . 5 6  p p  
7 3 4 - 7 4 9
H e n d r i c k s ,  H .  a n d  E e s t e r m a n s ,  L .  ( 1 9 8 0 )  . E l e c t r o n  d e n s e  
a r t e f a c t s  a n d  t h e  r o l e  o f  p h o s p h a t e  b u f f e r s .  E l e c t r o n  
M i c r o s c o p . 2 ,  p p  7 5 6 - 7 5 7 .
H e r b a r d ,  C . E . ,  F l i c k ,  G . J .  a n d  M a r t i n ,  R . E .  ( 1 9 8 2 ) .  O c c u r r e n c e  
a n d  s i g n i f i c a n c e  o f  t r i m e t h y l a m i n e  a n d  i t s  d e r i v a t i v e s  i n  
f i s h  a n d  s h e l l f i s h .  I n :  C h e m i s t r y  a n d  B i o c h e m i s t r y  o f
M a r i n e  F o o d  P r o d u c t s . E d :  M a r t i n ,  R . W . ,  F l i c k ,  G . J . ,
H e r b a r d ,  C . E . ,  a n d  W a r d ,  D . R .  A V I  P u b l i s h i n g  C o . ,  W e s t p o r t  
C T .  p p  1 4 9 - 3 0 4 .
H i g h b e r g e r ,  J . H . ,  R e t z s c h ,  C . E . J .  ( 1 9 3 8 )  A  m e t h o d  f o r  t h e  
d e t e r m i n a t i o n  o f  f o r m a l d e h y d e  i n  f o r m a l d e h y d e  t a n n e d  
l e a t h e r .  A m .  L e a t h .  C h e m  A s s . 3 3  p p  3 4 1 - 3 5 2 .
H i t c h c o c k  H . S . C ,  B a i l e y  F .  J . ,  C r i m e s  A . A ,  D e a n  A . G . D  a n d  D a v i s  
J . P .  ( 1 9 8 1 )  D e t e r m i n a t i o n  o f  S o y a  P r o t e i n s  i n  F o o d  u s i n g  a n  
E n z y m e - l i n k e d  I m m u n o s o r b e n t  A s s a y  P r o c e d u r e  J .  S c i .  F o o d  
A g r i c . 3 2 ,  1 5 7 - 1 6 5
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H j e m e l a n d ,  L . M .  a n d  C h r a m b a c h ,  A .  ( 1 9 8 4 )  . S o l u b i l i s a t i o n  o f  
f u n c t i o n a l  m e m b r a n e  p r o t e i n s .  M e t h .  E n z y m o l . 1 0 4 . p p  3 0 5 -  
3 1 8 .
H o f m a n n  K .  , a n d  H am m , R .  ( 1 9 7 8 )  . S u l f h y d r y l  a n d  d i s u l f i d e  g r o u p s  
i n  m e a t .  A d v a n c e s  i n  F o o d  R e s e a r c h . 2 4 . p p  2 - 1 1 1 .
H o h  J . H  a n d  H a n s m a  P . K  ( 1 9 9 2 )  . A t o m i c  f o r c e  m i c r o s c o p y  f o r  h i g h -  
r e s o l u t i o n  i m a g i n g  i n  c e l l  b i o l o g y .  T r e n d s  i n  C e l l  B i o l o g y  
2 ,  p p  2 0 8 - 2 1 3
H o r i u c h i ,  T .  a n d  F u k u s h i m a ,  D . ,  ( 1 9 7 8 ) .  S t u d i e s  o f  e n z y m e -
m o d i f i e d  p r o t e i n s  a s  f o a m i n g  a g e n t s :  e f f e c t  o f  s t r u c t u r e  o n  
f o a m  s t a b i l i t y .  F o o d  C h e m . 3., p p  3 5 - 4 2 .
H o w e l l ,  B . K . ,  M a t h e w s ,  A . D .  a n d  D o n n e l y ,  A . P .  ( 1 9 9 1 ) .  T h e r m a l  
s t a b i l i t y  o f  f i s h  m y o f i b r i l s :  a  d i f f e r e n t i a l  s c a n n i n g
c a l o r i m e t r i c  s t u d y .  I n t e r n .  J .  o f  F o o d  S c i .  a n d  T e c h n o l o g y  
2 6 ,  p p  2 8 3 - 2 9 5 .
H o w e l l  N . K  a n d  T a y l o r ,  C  ( 1 9 9 1 )  . E f f e c t  o f  a m i d a t i o n  o n  t h e  
f o a m i n g  a n d  p h y s i c o c h e m i c a l  p r o p e r t i e s  o f  b o v i n e  s e r u m  
a l b u m i n .  I n t .  J .  F o o d  S c i .  T e c h n o l o g y . 2 6  p p  3 8 5 - 3 9 5 .
H s i e h  L .  Y  a n d  R e g e n s t e i n ,  J . M .  ( 1 9 8 9 )  . T e x t u r e  c h a n g e s  o f  
f r o z e n  s t o r e d  c o d  a n d  O c e a n  P e r c h  m i n c e s .  J o u r n a l  o f  F o o d  
S c i e n c e  5 4 ( 4 ) . p p  8 2 4 - 8 2 6 .
H s i e h ,  Y . L  a n d  R e g e i s t e i n ,  J . M  1 9 9 2 .  E l a s t i c  a t t r i b u t e s  o f  
h e a t e d  e g g  p r o t e i n  g e l s .  J .  F o o d  S c i . 5 7 : 8 6 2 - 8 6 8 .
H s i e h  Y . L ;  Y u n  J . J  a n d  R a o  M . A  ( 1 9 9 3 )  . R h e o l o g i c a l  P r o p e r t i e s  o f  
M o z z a r e l l a  C h e e s e  F i l l e d  w i t h  D a i r y ,  E g g ,  S o y  P r o t e i n s  a n d  
G e l a t i n .  J .  F o o d  S c i . 5 8 ( 5 )  p p  1 0 0 1 - 1 0 0 5 .
H u g h e s ,  R . B .  ( 1 9 5 9 )  . C h e m i c a l  s t u d i e s  o n  t h e  h e r r i n g  ( C l u p e a  
h a r e n g u s ) . I .  T r i m e t h y l a m i n e  o x i d e  a n d  v o l a t i l e  a m i n e s  i n  
f r e s h ,  s p o i l i n g  a n d  c o o k e d  h e r r i n g  f l e s h .  J .  S c i .  F d .  
A g r i c .  1 0 ( 8 ) . p p  4 3 1 - 4 3 6 .
H u l t i n ,  H . O .  ( 1 9 8 6 ) .  T e x t u r a l  a t t r i b u t e s  o f  p r o t e i n a c e o u s  a n i m a l  
f o o d s  a s  i n f l u e n c e d  b y  r e a c t i o n s  d u r i n g  f o o d  p r o c e s s i n g .  
I n : T h e  R o l e  o f  C h e m i s t r y  i n  t h e  Q u a l i t y  o f  P r o c e s s e d
F o o d s . E d :  F e n n e m a ,  O . R . ,  C h a n g ,  W . H .  a n d  L i i ,  C - Y .
W e s t p o r t  C t . F o o d  N u t r i t i o n  P r e s s ,  p p  2 0 2 - 2 2 4 .
H u l t i n ,  H . O .  ( 1 9 9 2 ) .  T M A O a s e  a n d  p r o t e i n  d e n a t u r a t i o n  i n  f i s h  
m u s c l e .  I n :  A d v a n c e s  i n  S e a f o o d  B i o c h e m i s t r y .  C o m p o s i t i o n
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a n d  Q u a l i t y . E d :  F l i c k ,  G . J .  J n r  a n d  M a r t i n ,  P . R .  T e c h n o m i c  
P u b l i s h i n g ,  p p  2 5 - 4 2 .
H u l t i n ,  H . O .  ( 1 9 9 2 ) .  T r i m e t h y l a m i n e - N - O x i d e  (T M A O )  d e m e t h y l a t i o n  
a n d  p r o t e i n  d e n a t u r a t i o n  i n  f i s h  m u s c l e .  I n :  A d v a n c e s  i n  
S e a f o o d  B i o c h e m i s t r y :  C o m p o s i t i o n  a n d  Q u a l i t y . E d :  F l i c k ,  
G . J .  a n d  M a r t i n ,  R . E ,  J r .  T e c h n o m i c  P u b l i s h i n g  C o .  I n c .  
U S A ,  p p  2 5 - 4 2 .
H u s a i n ,  S . A .  a n d  A i m ,  F .  ( 1 9 5 5 )  . D e n a t u r a t i o n  o f  p r o t e i n s  o f  e g g  
w h i t e  a n d  o f  f i s h  a n d  i t s  r e l a t i o n  t o  t h e  l i b e r a t i o n  o f  
s u l f h y d r y l  g r o u p s  o n  f r o z e n  s t o r a g e .  F o o d  R e s . 2 0 , 2 6 4 - 2 7 2 .
H u s z a r ,  G .  ( 1 9 7 2 )  . A m i n o  a n d  s e q u e n c e  a r o u n d  t h e  t w o  e - N -  
t r i m e t h y l l y s i n e  r e s i d u e s  i n  r a b b i t  s k e l e t a l  m u s c l e  m y o s i n .  
J .  B i o l .  C h e m . 2 4 7 . p p  4 0 5 7 - 4 0 6 2 .
I C S E A F  D o c u m e n t s  ( 1 9 7 4 - 1 9 8 8 ) .  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  t h e  
S o u t h e a s t  A t l a n t i c  F i s h e r i e s ,  M a d r i d :  P r o c e e d i n g s  a n d  
r e p o r t s  o f  m e e t i n g s .  R e g u l a r  s e s s i o n s  a n d  s p e c i a l  m e e t i n g s ,  
1 9 7 2 - 8 8 .  C o l l e c t i o n  o f  S c i e n t i f i c  p a p e r s . N o s .  3 - 1 5 ,  1 9 7 5 -  
1 9 8 8 .  S t a .  B u l l .  1 9 7 7 - 1 9 8 7 .  “
I k e d a ,  I .  ( 1 9 7 4 ) .  C o l i n  S c i e n t .  P a p  I n t .  Com m n S . E  A t l . F i s h  1
p p  2 0 0 - 2 0 8 .
I k e d a ,  S .  a n d  T a g u c h i ,  T .  ( 1 9 6 7 ) .  P r o t e c t i v e  e f f e c t  o f  a l p h a -  
t o c o p h e r o l  o n  s t a b i l i t y  f r o m  y e l l o w t a i l  m u s c l e .  B u l l .  J a p .  
S o c .  F i s h . 3 3  ( 6 )  p p  5 6 7 .
I k e d a ,  S .  ( 1 9 8 0 ) .  O t h e r  o r g a n i c  c o m p o n e n t s  a n d  i n o r g a n i c  
c o m p o n e n t s .  I n :  A d v a n c e s  i n  f i s h  S c i .  a n d  T e c h n o l . ( C o n n e l l  
J . J )  E d .  L o n d o n  F i s h i n g  N e w s  ( B o o k s )  L t d .  p p  1 1 1 - 1 2 3 .
I n a d a ,  T .  ( 1 9 8 1 ) .  S t u d i e s  o n  t h e  m e r l u c c i i d  f i s h e s .  B u l l . F a r  
S e a s  F i s h .  R e s .  L a b . 1 8 ,  p p  1 7 2 .
I r o n s i d e ,  J . I . M .  a n d  L o v e ,  R . M .  ( 1 9 5 8 ) .  S t u d i e s  o n  p r o t e i n  
d e n a t u r a t i o n  i n  f r o z e n  f i s h .  I .  B i o l o g i c a l  f a c t o r s  
i n f l u e n c i n g  t h e  a m o u n t s  o f  s o l u b l e  a n d  i n s o l u b l e  p r o t e i n  
c o n t e n t  i n  t h e  m u s c l e  o f  t h e  N o r t h  S e a  c o d .  J .  S c i .  F o o d  
A g r i .  9 ,  p p  5 9 7 - 6 1 7 . .
I w a r a ,  K .  a n d  O k a d a ,  M .  ( 1 9 7 1 ) .  P r o t e i n  d e n a t u r a t i o n  i n  s t o r e d  
f r o z e n  A l a s k a  p o l l a c k  m u s c l e  I .  B u l l  J a p .  S o c .  F i s h . 3 7 ,  p p  
1 1 9 1 .
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J a c k  F . R . ,  P i g g o t  J . R  a n d  P a t e r s o n  A .  ( 1 9 9 3 ) .  R e l a t i o n s h i p  
b e t w e e n  E l e c t r o m y o g r a p h y ,  s e n s o r y  a n d  I n s t r u m e n t a l  M e a s u r e s  
o f  C h e a d d r  c h e e s e  T e x t u r e .  J .  F .  S c i .  5 8 . ( 6 )  p p  1 3 1 3 - 1 3 1 7 .
J a c o b s ,  W . A .  a n d  C r a i g ,  L . C .  ( 1 9 3 6 ) .  T h e  E r g o t  a l k a l o i d s .  V I I I .  
T h e  s y n t h e s i s  o f  4 - c a r b o l i n e  c a r b o n i c  a c i d .  J .  B i o l .  C h e m . 
1 1 3 ,  p p  7 5 9 - 7 6 5 .
J a c q u o t ,  R . ,  ( 1 9 6 1 ) .  O r g a n i c  c o n s t i t u e n t s  o f  f i s h  a n d  o t h e r  
a q u a t i c  a n i m a l s .  I n :  F i s h  a s  F o o d . E d .  B o r g s t r o m ,  G . ,
A c a d e m i c  P r e s s ,  N e w  Y o r k ,  1 ,  p p  1 4 5 - 1 9 2 .
J a m e s  B .  M .  a n d  D o t y ,  D . M .  ( 1 9 4 9 )  . D e t e r m i n a t i o n  o f  I n o r g a n i c  
P h o s p h a t e .  A n a l y t i c a l  C h e m i s t r y . 2 1 ( 8 ) , p p  9 6 5 - 9 6 7 .
J a r e n b a c k ,  L .  a n d  L i l j e m a r k ,  A .  ( 1 9 7 5 ) .  U l t r a s t r u c t u r a l  c h a n g e s  
d u r i n g  f r o z e n  s t o r a g e  o f  c o d .  I I I .  E f f e c t s  o f  l i n o l e i c  a c i d  
a n d  l i n o l e n i c  a c i d  h y d r o p e r o x i d e s  o n  m y o f i b r i l l a r  p r o t e i n s .  
J . F o o d  T e c h n o l . 10 .,  p p  4 3 7 - 4 5 2 .
J a r e n b a c k ,  L .  a n d  L i l j e m a r k ,  A .  (1975) . U l t r a s t r u c t u r a l  c h a n g e s  
d u r i n g  f r o z e n  s t o r a g e  o f  c o d  ( G a d u s  m o r h u a ) .  I .  S t r u c t u r e  
o f  m y o f i b r i l s  a s  r e v e a l e d  b y  f r e e z e  e t c h i n g  p r e p a r a t i o n .  J .  
F o o d  T e c h n o l . 10., p p  229-239.
J e n - K u n g  L i n  a n d  C h e n - C h i n g  L a i  ( 1 9 8 0 ) .  H P L C  d e t e r m i n a t i o n  o f  
n a t u r a l l y  o c c u r r i n g  p r i m a r y  a n d  s e c o n d a r y  a m i n e s  w i t h  
d a b s y l  c h l o r i d e .  A n a l y t i c a l  C h e m i s t r y  52., p p  6 3 0 - 6 3 5 .
J e n - K u n g  L i n  a n d  J u i - Y o a  C h a n g  ( 1 9 7 5 ) .  C h r o m o p h o r i c  l a b e l l i n g  o f  
a m i n o  a c i d s  w i t h  4 - d i m e t h y l a m i n o a z o b e n z e n e - 4 - s u l p h o n y l  
c h l o r i d e .  A n a l y t i c a l  C h e m i s t r y  4 7 ( 9 ) . p p  1 6 3 4 - 1 6 3 8 .
J i a n g ,  S . T .  a n d  L e e ,  T - C .  ( 1 9 8 5 ) .  C h a n g e s  i n  f r e e  a m i n o  a c i d s  
a n d  p r o t e i n  d e n a t u r a t i o n  o f  f i s h  m u s c l e  d u r i n g  f r o z e n  
s t o r a g e .  J .  A g r i c .  F o o d  C h e m . 3 3 . p p  8 3 9 - 8 4 4 .
J o c e l y n ,  P . C .  ( 1 9 7 2 )  . B i o c h e m i s t r y  o f  t h e  S H  g r o u p . A c a d e m i c  
P r e s s ,  N e w  Y o r k .
J o h n ,  E . A . ,  S e g a r s ,  R . A . ,  K a p s a l i s ,  R . A . ,  N o r m a n ,  J . G .  a n d  
P e l e g ,  M . D .  ( 1 9 8 0 )  . E v a l u a t i o n  o f  t h e  c o m p r e s s i v e  
d e f o r m a b i l i t y  m o d u l u s  o f  f r e s h  a n d  c o o k e d  f i s h  f l e s h .  
J o u r n a l  o f  F o o d  S c i e n c e  4 5 ,  p p  1 3 1 8 - 1 3 2 0 ,  1 3 2 6 .
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J o l y ,  A . ,  C o t t i n ,  P . ,  H a n - C h i n g ,  L . ,  D u c a s t a i n g ,  A .  ( 1 9 8 7 ) .  L a  
T M A O a s e  d e  r e i n  d e  l i e u  n o i r :  i n c i d e n c e  d e s  d e t e r g e n t s  s u r  
l a  s o l u b i l i s a t i o n  d u  s y t e m e  e n z y m a t i q u e .  S c i .  A l i m . 1_ 
( V I I I ) , p p  2 0 1 - 2 1 1 .
J o l y ,  A . ,  C o t t i n ,  P . ,  H a n - C h i n g  L . ,  D u c u s t a i n g ,  A .  ( 1 9 9 2 ) .  
T M A O a s e  i n  S a i t h e  k i d n e y .  J .  S c i .  F o o d  A g r i c . 5 2 . p p  2 6 1 -  
2 6 7 .
J o l y ,  M .  ( 1 9 6 5 ) .  A  p h y s i c o - c h e m i c a l  a p p r o a c h  t o  t h e  d e n a t u r a t i o n  
o f  p r o t e i n s . A c a d e m i c  P r e s s .
J o l y ,  M .  ( 1 9 6 5 ) .  R e c e n t  s t u d i e s  o n  t h e  r e v e r s i b l e  d e n a t u r a t i o n  
o f  p r o t e i n .  P r o g r e s s  i n  B i o p h y s i c s  a n d  B i o p h y s i c a l  
C h e m i s t r y . 5., p p  1 6 8 - 2 2 1 .
J o n e s ,  S . B .  a n d  M a c k i e ,  I . M .  ( 1 9 7 0 ) .  A n  a p p l i c a t i o n  o f  
e l e c t r o p h o r e t i c  a n a l y s i s  o f  m u s c l e  m y o g e n s  t o  t a x o n o m i c  
s t u d i e s  i n  t h e  g e n u s  M e r l u c c i u s . C o m o .  B i o c h e m .  P h y s i o l . 
3 2 ,  p p  2 6 7 - 2 7 3 .
J o n e s ,  S . J .  a n d  P a t t e r s o n ,  R . L .  ( 1 9 8 8 ) .  R e c e n t  d e v e l o p m e n t s  i n  
m e a t  s p e c i f i c a t i o n .  I n :  I m m u n o a s s a y s  f o r  V e t e r i n a r y  a n d
F o o d  A n a l y s i s . E d :  M o r r i s ,  B . A . ,  C l i f f o r d ,  M . N .  a n d
J a c k m a n ,  R . ,  E l s e v i e r  A p p l i e d  S c i e n c e ,  L o n d o n  a n d  N e w  Y o r k .
p p  1 2 1 - 1 2 6
K a n g ,  I . . ,  M a t s u m u r a ,  Y . . ,  Y  a n d  M o r i ,  T .  ( 1 9 9 1 ) .  
C h a r a c t e r i s a t i o n  o f  t e x t u r e  a n d  m e c h a n i c a l  p r o p e r t i e s  o f  
h e a t - i n d u c e d  s o y  g e l s .  J .  A O C S  68.: 3 3 9 - 3 4 5 .
K a t o ,  A .  a n d  N a k a i ,  S .  ( 1 9 8 0 ) .  H y d r o p h o b i c i t y  d e t e r m i n e d  b y  a  
f l u o r e s c e n c e  p r o b e  m e t h o d  a n d  i t s  c o r r e l a t i o n  w i t h  s u r f a c e  
p r o p e r t i e s  o f  p r o t e i n s .  B i o c h i m .  e t  B i o p h y s .  6 2 4 . p p  1 3 - 2 0 .
K a t z ,  E . P .  ( 1 9 6 8 ) .  M o l e c u l a r  w e i g h t  d e t e r m i n a t i o n  f r o m  a m i n o  
a c i d  a n a l y s i s  d a t a :  a  n u m e r i c a l  m e t h o d .  A n a l .  B i o c h e m .  2 5 . 
p p  4 1 7 - 4 3 1 .
K a w a k a m i  H . ,  M a i t a ,  S .  T a k a h a s h i ,  K .  a n d  Y a s u i ,  T .  ( 1 9 7 1 ) .  
T h e r m a l  d e n a t u r a t i o n  o f  m y o s i n ,  h e a v y  MM a n d  s u b f r a g m e n t  1 .  
J .  B i o c h e m . 2 4 7 . p p  4 0 5 7 - 4 0 6 2 .
K e a y ,  J . N .  a n d  H a r d y ,  R .  ( 1 9 7 2 )  . T h e  s e p a r a t i o n  o f  a l i p h a t i c  
a m i n e s  b y  G . C .  a n d  a p p l i c a t i o n s  o f  t h i s  t e c h n i q u e  t o  t h e
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q u a n t i t a t i v e  a n a l y s i s  o f  t r i m  a n d  d i m e t h y l a m i n e  i n  f i s h .  J .  
S c i e n c e s  F o o d  A g r i c . 2 3 . p p  9 - 1 9 .
K e l l e h e r ,  S . D . ,  B u c k ,  E . M . ,  H u l t i n ,  H . O . ,  P a r k i n ,  K . L . ,  
L i c c i a r d e l l o ,  J . J .  a n d  D a m o n ,  R . A .  J r .  ( 1 9 8 1 )  . c h e m i c a l  a n d  
p h y s i c a l  c h a n g e s  i n  r e d  h a k e  b l o c k s  d u r i n g  f r o z e n  s t o r a g e .  
J o u r n a l  o f  F o o d  S c i e n c e  4 7 ,  p p  6 5 - 7 0 .
K e l l y ,  K . ,  J o n e s ,  N .  L o v e ,  R .  a n d  O l l e y ,  J .  ( 1 9 6 6 )  . T e x t u r e  a n d  
p H  i n  f i s h  m u s c l e  r e l a t e d  t o  ' c e l l  f r a g i l i t y '  m e a s u r e m e n t .  
J . F o o d  T e c h n o l . 1 ,  p p  9 - 1 5 .
K e l l y ,  T . R .  ( 1 9 6 9 ) .  Q u a l i t y  i n  f r o z e n  c o d  a n d  l i m i t i n g  f a c t o r s  
o n  s h e l f  l i f e .  J o u r n a l  o f  F o o d  T e c h n o l o g y  4., p p  9 5 - 1 0 3 .
K e l l y ,  T . R .  a n d  L i t t l e ,  W . T .  ( 1 9 6 6 ) .  B r o w n  d i s c o l o r a t i o n  i n  p r e ­
r i g o r  c u t  f i s h  f i l l e t s .  J .  o f  F o o d  T e c h n o l .  1 ,  p p  1 2 1 - 1 2 9 .
K e m e n y ,  D . M .  a n d  C h a n t l e r ,  S .  ( 1 9 8 8 ) .  A n  i n t r o d u c t i o n  t o  E L I S A .  
I n :  E L I S A  a n d  o t h e r  s o l i d  p h a s e  i m m u n o a s s a y s . E d :  K e m e n y ,
D . M .  a n d  C h a l l a c o m b e ,  S . J . ,  J o h n  W i l e y  a n d  S o n s ,  p p  1 - 3 1 .
K e n n e t h  J .  C a r p e n t e r ,  K . J .  ( 1 9 8 0 )  . F i s h  i n  h u m a n  a n d  a n i m a l  
n u t r i t i o n .  I n :  A d v a n c e s  i n  F i s h  S c i e n c e  a n d  T e c h n o l o g y . E d .  
C o n n e l l ,  J . J .  ( 1 9 8 0 ) .  F i s h i n g  N e w s  B o o k s  L t d .  E n g l a n d ,  p p  
1 2 4 - 1 3 0 .
K h a n  , A .  W .  ( 1 9 6 6 )  . C r y o c h e m i s t r y  o f  a n i m a l  t i s s u e :  B i o c h e m i c a l  
c h a n g e s  i n  p o u l t r y  m u s c l e  d u r i n g  f r e e z i n g  a n d  s t o r a g e .  
C r y o b i o l o g y .  . 3./ p p  2 2 4 - 2 9 .
K i m ,  C . W . ,  H o ,  G . P .  a n d  R i t c h e y ,  J . J .  ( 1 9 6 7 ) .  C o l l a g e n  c o n t e n t  
a n d  s u b j e c t i v e  s c o r e s  f o r  t e n d e r n e s s  o f  c o n n e c t i v e  t i s s u e  
i n  a n i m a l s  o f  d i f f e r e n t  a g e s .  J o u r n a l  o f  F o o d  S c i e n c e  3 2 , 
p p  5 8 6 - 5 8 8 .
K i m u r a ,  S .  a n d  M a t s u u r a ,  F .  ( 1 9 7 4 ) .  T h e  c h a i n  c o m p o s i t i o n  o f  
s e v e r a l  i n v e r t e b r a t e  c o l l a g e n s .  J .  B i o c h e m . 75 .,  p p  1 2 3 1 -  
1 2 4 0 .
K i m u r a ,  S . ,  N a g a o k a ,  Y .  a n d  K u b o t a ,  M .  ( 1 9 6 9 ) .  S t u d i e s  o n  m a r i n e  
i n v e r t e b r a t e  c o l l a g e n s .  I .  S o m e  c o l l a g e n s  f r o m  c r u s t a c e a n s  
a n d  m o l l u s c s .  B u l l .  J a p .  S o c .  S c i .  F i s h  35 .,  p p  7 4 3 .
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K i n s e l l a ,  J . E .  ( 1 9 7 6 ) .  F u n c t i o n a l  p r o p e r t i e s  o f  p r o t e i n s  i n  
f o o d s .  A  s u r v e y .  C R C  C r i t i c a l  R e v i e w s  i n  F o o d  S c i e n c e  a n d  
N u t r i t i o n . 7., P P  2 1 9 - 2 8 0 .
K i n s e l l a ,  J . E .  ( 1 9 8 1 ) .  F u n c t i o n a l  p r o p e r t i e s  o f  p r o t e i n s :  
p o s s i b l e  r e l a t i o n s h i p  b e t w e e n  s t r u c t u r e  a n d  f u n c t i o n  i n  
f o a m s .  F o o d  C h e m i s t r y . 1_, p p  2 7 3 - 2 8 8 .
K i r a z o ,  L . P . ,  L u b o m i r ,  G . V .  a n d  K i r a z o ,  E . P .  ( 1 9 9 3 ) .  C o m p a r i s o n  
o f  L o w r y  a n d  t h e  B r a d f o r d  P r o t e i n  A s s a y  a s  a p p l i e d  f o r  
p r o t e i n  e s t i m a t i o n  o f  m e m b r a n e - c o n t a i n i n g  f r a c t i o n s .  A n a l . 
B i o c h e m .  2 0 8 ( 1 ) . p p  4 4 - 4 8 .
K l e e ,  C . B . ,  C r o u c h ,  T . H .  a n d  R i c h m a n ,  P . G .  ( 1 9 8 0 ) .  C a l m o d u l i n .  
A n n u .  R e v .  B i o c h e m . 4 9 . p p  4 8 9 - 5 1 5 .
K l i n g e n b e r g  M . ( 1 9 5 8 ) .  P i g m e n t s  o f  r a t  l i v e r  m i c r o s o m e s .  A r c h .
B i o c h e m .  B i o o h v s . 7 5 . p p  3 7 6 - 3 8 6 .
K o h l e r ,  G .  a n d  M i l s t e i n ,  G .  ( 1 9 7 5 )  . C o n t i n u o u s  c u l t u r e s  o f  f u s e d  
c e l l s  s e c r e t i n g  a n t i b o d y  o f  p r e - d e f i n e d  s p e c i f i c i t y .  
N a t u r e . 2 5 6 . p p  4 9 5 - 4 9 7 .
K o m i n z ,  D . R . ,  C a r r o l l ,  W . R . ,  S m i t h  E . N .  a n d  M i t c h e l l ,  E . R .  
( 1 9 5 9 ) .  A  s u b u n i t  o f  m y o s i n .  A r c h .  B i o c h e m .  B i o p h v s . 7 9 ,  p p  
1 9 1 - 1 9 9 .
K o n c h i n a  Y . V . ,  ( 1 9 8 6 ) .  C o l i n  S c i e n t .  P a p .  I n t  C om m n S . E  A t l
F i s h . ,  V o l  1 3  ( 2 ) ,  p p  7 - 1 8 .
K o n i n g  d e  A . J  a n d  M o l  T .  ( 1 9 9 2 )  . Q u a n t i t a t i v e  t e s t s  f o r  f r o z e n  
f i s h .  D i m e w t h y l a m i n e  c o n e n t  a s  a  q u a l i t y  c r i t e r i o n  f r o r  
f r o z e n  H a k e  ( M e r l u c c i u s  c a p e n s i s  a n d  M e r l u c c i u s  p a r a d o x u s ) 
f i l l e t s  a n d  m i n c e d  s t o r e d  a t  - 5 ° C ,  - 1 8 ° C  a n d - 4 0 ° C .  J .  S c i .  
F o o d  A g r i c . 5 9 , p p  1 3 5 - 1 3 7 .
K o n o s u ,  S . ,  W a t a n a b e ,  K .  a n d  S h i m i z u ,  T .  ( 1 9 7 4 ) .  D i s t r i b u t i o n  o f  
n i t r o g e n o u s  c o n s t i t u e n t s  i n  t h e  m u s c l e  e x t r a c t  o f  e i g h t  
s p e c i e s  o f  f i s h .  B u l l .  J a p .  S o c .  F i s h . 4 0  ( 9 ) , p p  9 0 9 .
K o s t u c h ,  S .  a n d  S i k o r s k i ,  Z .  ( 1 9 8 2 ) .  T r i m e t h y l a m i n e - N - O x i d e  
d e m e t h y l a s e : i t s  o c c u r r e n c e ,  p r o p e r t i e s ,  a n d  r o l e  i n
t e c h n o l o g i c a l  c h a n g e s  i n  f r o z e n  f i s h .  F o o d  C h e m i s t r y  9_, p p  
2 1 3 - 2 2 2 .
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K u g i n o  M . ,  K u g i n o  K .  a n d  W u  Z . H  ( 1 9 9 3 ) .  R h e o l o g i c a l  P r o p e r t i e s  
o f  D r i e d  S q u i d  M a n t l e  C h a n g e  o n  S o f t e n i n g .  J . F o o d  S c i . 5 8  
( 2 )  p p 3 2 1 - 3 2 4 .
K u r a n ,  H .  a n d  O l s z e w s k a ,  M . J .  ( 1 9 7 4 )  . E f f e c t s  o f  s o m e  b u f f e r s  o n  
t h e  u l t r a s t r u c t u r e ,  d r y  m a s s  c o n t e n t  a n d  r a d i o a c t i v i t y  o f  
n u c l e i c  o f  H a e m a n t h u s  K a t h a r i n a e .  F o l i a  H i s t o c h e m .  
C y t o c h e m . 1 2 ( 2 )  p p  1 7 3 - 1 8 1 .
L a e m l i ,  U . K .  ( 1 9 7 0 ) .  C l e a v a g e  o f  s t r u c t u r a l  p r o t e i n s  d u r i n g  t h e  
a s s e m b l y  o f  t h e  h e a d  o f  b a c t e r i o p h a g e  T 4 . N a t u r e . 2 2 7 . p p  
6 8 0 - 6 8 5 .
L a i r d ,  W . M .  a n d  M a c k i e ,  I . M .  ( 1 9 8 2 ) .  P r o t e i n  c h a n g e s  d u r i n g  
f r o z e n  s t o r a g e  o f  c o d .  I n :  A d v .  i n  T e c h .  i n  t h e  c h i l l i n g ,  
f r e e z i n g ,  p r o c e s s i n g ,  s t o r a g e ,  a n d  t r a n s p o r t  o f  f i s h ,  
e s p e c i a l l y  u n d e r u t i l i s e d  s p e c i e s . P a r i s :  F r .  I n t .  I n s t .
R e f r i g ,  p p  3 4 9 - 3 5 6 .
L a i r d ,  W . M . ,  M a c k i e  I . M .  a n d  R e g e n s t e i n ,  J . M .  ( 1 9 8 2 ) .  
D e t r i r a t i o n  o f  f r o z e n  c o d  a n d  h a d d o c k  m i n c e s .  I n :  A d v . i n  
T e c h .  i n  t h e  c h i l l i n g ,  f r e e z i n g ,  p r o c e s s i n g ,  s t o r a g e  a n d  
t r a n s p o r t  o f  f i s h ,  e s p e c i a l l y  u n d e r u t i l i s e d  s p e c i e s . P a r i s :  
F R :  I n t e r n a t i o n a l  I n s t .  R e f r i g ,  p p  3 9 5 - 4 0 0 .
L a i r d ,  W . M . ,  M a c k i e ,  I . M .  a n d  H a t t u l a .  ( 1 9 8 0 ) .  S t u d i e s  o f  t h e  
c h a n g e s  i n  t h e  p r o t e i n  o f  c o d - f r a m e  m i n c e s  d u r i n g  f r o z e n  
s t o r a g e  a t  - 1 5 ° C .  I n :  A d v a n c e s  i n  F i s h  S c i e n c e  a n d
T e c h n o l o g y , E d :  C o n n e l l ,  J . J . ,  F i s h i n g  N e w s  B o o k s  L t d . ,
E n g l a n d ,  p p  4 2 8 - 4 3 1 .
L a l l ,  B . S . ,  M a n z e r ,  A . R .  a n d  H i l t z ,  D . F .  ( 1 9 7 5 ) .  P r e h e a t  
t r e a t m e n t  f o r  i m p r o v e m e n t  o f  f r o z e n  s t a b i l i t y  a t  - 1 0 ° C  i n  
f i l l e t s  a n d  m i n c e d  f l e s h  o f  s i l v e r  h a k e .  J .  F i s h  R e s .  B d .  
C a n a d a  3 2  ( 8 ) . p p  1 4 5 0 - 1 4 5 4 .
L a n d h o l t ,  L . A .  a n d  H u l t i n ,  H . O .  ( 1 9 8 1 )  . I n h i b i t i o n  o f  D M A  
f o r m a t i o n  i n  f r o z e n  r e d  h a k e  m u s c l e  a f t e r  r e m o v a l  o f  T M AO  
a n d  s o l u b l e  p r o t e i n s .  J .  F o o d  B i o c h e m . 6., p p  l i l - 1 2 5 .
L a y c o c k ,  R . A .  a n d  R e g i e r ,  L . W .  ( 1 9 7 1 )  . T r i m e t h y l  a m i n e - p r o d u c i n g  
b a c t e r i a  o n  h a d d o c k  ( M e l a n o g r a m i n u s  a n g l e f i n u s )  f i l l e t s  
d u r i n g  r e f r i g e r a t e d  s t o r a g e .  J .  F i s h  R e s .  B d .  C a n a d a  2 8 ,  p p  
3 0 5 - 3 0 9  .
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L e B l a n c ,  E .  a n d  L e B l a n c ,  R .  ( 1 9 9 2 )  . D e t e r m i n a t i o n  o f
h y d r o p h o b i c i t y  a n d  r e a c t i v e  g r o u p s  i n  p r o t e i n s  o f  c o d  
m u s c l e  d u r i n g  f r o z e n  s t o r a g e .  F o o d  C h e m .  9 ( 3 )  p p  2 1 3 - 2 2 2 .
L e B l a n c ,  E . L .  a n d  L e B l a n c ,  R . J .  ( 1 9 8 9 )  . S e p a r a t i o n  o f  c o d  ( G a d u s  
M o r h u a ) f i l l e t  p r o t e i n s  b y  e l e c t r o p h o r e s i s  a n d  H P L C  a f t e r  
v a r i o u s  f r o z e n  s t o r a g e  t r e a t m e n t s .  J o u r n a l  o f  F o o d  S c i e n c e  
5 4  ( 4 ) . p p  8 2 7 - 8 3 4 .
L i m ,  H . K  a n d  H a a r d ,  N . F  ( 1 9 8 4 )  . P r o t e i n  i n s o l u b i l i s a t i o n  i n  
f r o z e n  G r e e n l a n d  h a l i b u t  ( R e i n h a r d t i u s  h i p p o g l o s s o i d e s )  . J .  
F o o d  B i o c h e m i s t r y .  8 ,  1 6 3 - 8 7
L i u ,  T . Y .  ( 1 9 7 7 ) .  T h e  r o l e  o f  s u l f u r  i n  p r o t e i n s .  I n :  T h e
P r o t e i n s . 3 r d  e d i t i o n  E d :  N e u r a t h ,  H .  a n d  H i l l ,  R . L . ,
A c a d e m i c  P r e s s ,  L o n d o n  3 p p  2 3 9 - 4 0 2 .
L j u b j a n a .  S . ,  ( 1 9 7 8 ) .  P h y s i o c h e m i c a l  A s p e c t s  o f  P r o t e i n
D e n a t u r a t i o n . A  W i l e y - I n t e r s c i e n c e  P u b l i c a t i o n .
L o n g w o r t h ,  J . W .  ( 1 9 7 1 ) .  L u m i n e s c e n c e  o f  p o l y p e p t i d e s  a n d  
p r o t e i n s .  I n :  E x c i t e d  S t a t e s  o f  P r o t e i n s  a n d  N u c l e i c  A c i d s . 
E d :  S t e i n e r ,  R . F .  a n d  W e i n r y b ,  I .  P l e n u m  E x p r e s s ,  N e w  Y o r k ,  
p p  3 1 9 - 4 8 7 .
L o v e ,  R . M .  ( 1 9 6 2 ) .  P r o t e i n  d e n a t u r a t i o n  i n  f r o z e n  f i s h .  V I .  
C o l d - s t o r a g e  s t u d i e s  o n  c o d  u s i n g  t h e  c e l l  f r a g i l i t y  
m e t h o d .  J .  F d .  A g r i c . 1 3  ( 5 ) . p p  2 6 9 - 2 7 8 .
L o v e ,  R . M .  ( 1 9 6 8 )  . I c e  f o r m a t i o n  i n  f r o z e n  m u s c l e .  I n :  L o w
T e m p e r a t u r e  B i o l o g y  o f  F o o d s t u f f s . E d :  H a w t h o r n ,  L . J .  a n d  
R o l f e ,  E . J . ,  P e r g a m o n  P r e s s ,  O x f o r d ,  p p  1 0 5 - 1 2 4 .
L o v e ,  R . M .  ( 1 9 7 5 ) .  V a r i a b i l i l i t y  i n  A t l a n t i c  c o d  ( G a d u s  m o r h u a )  
f r o m  N o r t h e a s t  A t l a n t i c :  A  r e v i e w  o f  s e a s o n a l  a n d  
e n v i r o n m e n t a l  i n f l u e n c e s  o n  v a r i o u s  a t t r i b u t e s  o f  t h e  
F l e s h .  J .  F i s h  R e s .  B o a r d  C a n a d a . 3 2 ,  p p  2 3 3 3 - 2 3 4 1 .
L o v e ,  R . M .  a n d  E l e r i a n ,  M . K .  ( 1 9 6 5 ) .  P r o t e i n  d e n a t u r a t i o n  i n  
f r o z e n  f i s h .  I X .  T h e  i n h i b i t o r y  e f f e c t  o f  g l y c e r o l  i n  c o d  
m u s c l e .  J .  S c i .  F d .  A g r i c . 1 6 ,  p p  6 5 - 7 0 .
L o v e  R . M . ,  L a v e t y ,  J .  a n d  V e l l a n ,  F .  ( 1 9 8 2 ) .  U n u s u a l  p r o p e r t i e s  
o f  t h e  c o n n e c t i v e  t i s s u e  o f  c o d  ( G a d u s  M o r h u a )  . I n :  
C h e m i s t r y  a n d  B i o c h e m i s t r y  o f  M a r i n e  F o o d  P r o d u c e r s . E d :
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M a r t i n ,  R . E . ,  F l i c k ,  C . E . ,  H e r b a r a ,  G . J .  a n d  W a r d ,  D . R . ,  
A v i  P u b l i c a t i o n  C o . ,  W e s t p o r t ,  C o n n e c t i c u t ,  p p  6 7 - 7 3 .
L o v e ,  R . M . ,  R o b e r t s o n ,  I . ,  S m i t h ,  G . L .  a n d  W h i t t l e ,  K . J .  ( 1 9 7 2 ) .  
T h e  t e x t u r e  o f  c o d  m u s c l e .  J .  o f  T e x t u r e  S t u d i e s  5 ,  p p  2 0 1 -
2 1 2 .
L o v e ,  R . M . , R o b e r t s o n ,  I . ,  S m i t h ,  G . L .  a n d  W h i t t l e ,  K . J .  ( 1 9 7 4 )  . 
T h e  t e x t u r e  o f  c o d  m u s c l e ,  J .  o f  T e x t u r e  S t u d i e s . 5., p p  
2 0 1 - 2 1 2 .
L o w e y ,  S .  ( 1 9 6 8 )  . S u b u n i t s  o f  m y o s i n  b y  e n z y m i c  d e g r a d a t i o n .  I n :  
S y m p o s i u m  o f  F i b r o u s  P r o t e i n s . E d :  G r e w t h e r ,  W . G . ,
B u t t e r w o r t h s , L o n d o n ,  p p  1 2 4 - 1 3 2 .
L o w e y ,  S .  ( 1 9 7 9 )  . T h i c k  f i l a m e n t  p r o t e i n s  i n  m u s c l e .  I n :  F i b r o u s  
P r o t e i n s :  S c i e n t i f i c .  I n d u s t r i a l  a n d  M e d i c a l  A s p e c t s . E d :  
P a r r y  D . A . D .  a n d  C r e a m e r ,  L . K .  A c a d e m i c  P r e s s ,  L o n d o n ,  p p  
1 - 2 5 .
L o w e y ,  S .  a n d  R i s b y ,  O .  ( 1 9 7 1 ) .  L i g h t  c h a i n s  f r o m  f a s t  a n d  s l o w  
m u s c l e .  N a t u r e ,  2 3 4 . p p  8 1 - 8 5 .
L o w r y  O . H . ,  R o s e b r o u g h ,  N . J . ,  F a r r ,  A .  L . a n d  R a n d a l l ,  R . J .  
( 1 9 5 1 ) .  P r o t e i n  m e a s u r e m e n t  w i t h  t h e  f o l i n  p h e n o l  r e a g e n t .  
J .  B i o l .  C h e m . 1 9 3 . p p  2 6 5 - 2 7 5 .
L u i j p e n ,  A . F . M . G .  ( 1 9 5 7 )  . D e n a t u r a t i o n  o f  f i s h  p r o t e i n s .  N a t u r e  
1 8 0 . p p  1 4 2 2 - 1 4 2 3 .
L u n d s t r o m ,  R . C .  a n d  R a d i c o t ,  L . D .  ( 1 9 8 3 )  . G a s  c h r o m a t o g r a p h i c  
d e t e r m i n a t i o n  o f  d i m e t h y l a m i n e  a n d  t r i m e t h y l a m i n e  i n  
s e a f o o d s .  J .  A s s o c ,  o f  A n a l .  C h e m . 6 6 . p p  1 1 5 8 - 1 1 6 2 .
L u n d s t r o m ,  R . C . ,  C o r r e i a ,  F . F .  a n d  W i l h e i m ,  K . A .  ( 1 9 8 2 ) .  D M A  
p r o d u c t i o n  i n  f r e s h  r e d  h a k e :  t h e  e f f e c t  o f  p a c k a g i n g
m a t e r i a l ,  o x y g e n  p e r m e a b i l i t y  a n d  c e l l u l a r  d a m a g e .  J . F o o d  
B i o c h e m . 6 ,  p p  2 2 9 - 2 4 1 .
L u n d s t r o m ,  R . C . ,  C o r r e i r a ,  F . F .  a n d  W i l h e l m ,  K .  A .  ( 1 9 8 2 ) .  
E n z y m a t i c  d i m e t h y l a m i n e  a n d  f o r m a l d e h y d e  p r o d u c t i o n  i n  
m i n c e d  A m e r i c a n  P l a i c e  a n d  B l a c k B a c k  F l o u n d e r  m i x e d  w i t h  a  
r e d  h a k e  T M A O a s e  a c t i v e  f r a c t i o n .  J o u r n a l  O f  F o o d  S c i e n c e
47 .,  p p  1 3 0 5 - 1 3 1 0 .
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L u n d s t r o m ,  R . C . ,  C o r r e i r a ,  F . F .  a n d  W i l h e l m ,  K . A .  ( 1 9 8 1 ) .  
D i m e t h y l a m i n e  a n d  f o r m a l d e h y d e  p r o d u c t i o n  i n  f r e s h  h a k e :  
t h e  e f f e c t s  o f  p a c k i n g  m a t e r i a l ,  o x y g e n  p e r m e a b i l i t y  a n d  
c e l l u l a r  d a m a g e .  H R  C o m m i s s i o n s  C - 2 ,  D l ,  D - 2 ,  D - 3 ,  B o s t o n  
U S A .
M a c k i e ,  I .  ( 1 9 7 4 ) .  D e c o m p o s i t i o n  o f  t r i m e t h y l a m i n e  o x i d e  d u r i n g  
i c e d  a n d  f r o z e n  s t o r a g e  o f  w h o l e  a n d  c o m m i n u t e d  t i s s u e  o f  
f i s h .  P r o c .  I n t .  C o n c r r .  F o o d  S c i .  T e c h n o l . 1 ,  p p  2 4 3 - 2 5 0 .
M a c k i e ,  I .  ( 1 9 8 0 ) .  A  r e v i e w  o f  s o m e  r e c e n t  a p p l i c a t i o n s  o f  
e l e c t r o p h o r e s i s  a n d  i s o e l e c t r o  f o c u s i n g  i n  t h e
i d e n t i f i c a t i o n  o f  s p e c i e s  o f  f i s h  i n  f i s h  a n d  f i s h  
p r o d u c t s .  I n :  A d v a n c e s  i n  F o o d  S c i e n c e  a n d  T e c h n o l o g y . E d :  
C o n n e l l ,  J . J . ,  F i s h i n g  N e w s  B o o k s  L t d ,  E n g l a n d ,  p p  4 4 4 - 4 5 0 .
M a c k i e ,  I . M .  a n d  C o n n e l l ,  J . J .  ( 1 9 6 4 ) .  P r e p a r a t i o n  o f  p r o p e r t i e s  
o f  p u r i f i e d  c o d  m y o s i n .  B i o c h i m .  B i o p h v s . A c t a  93., p p  5 4 4 -  
5 5 2  .
M a c k i e ,  I . M .  a n d  J o n e s ,  B . W .  ( 1 9 7 8 ) .  T h e  u s e  o f  e l e c t r o p h o r e s i s  
o f  w a t e r - s o l u b l e  ( s a r c o p l a s m i c )  p r o t e i n s  o f  f i s h  m u s c l e  t o  
d i f f e r e n t i a t e  t h e  c l o s e l y  r e l a t e d  s p e c i e s  o f  h a k e  
(M e r l u c c i u s  s p . ) .  C o m o .  B i o c h e m .  P h v s i o l . .  5 9 B , p p  9 5 - 9 8 .
M a c p h e r s o n ,  M .  a n d  S c h u l e i n  ( 1 9 8 2 ) .  C o l i n .  S c i e n t .  P a p .  I n t .  
Comm S . E  A t l . F i s h  v o l .  9 ,  ( 2 )  p p  1 7 7 - 1 9 4 .
M c E v o y ,  H .  R o s s - M u r p h y ,  S . B  a n d  C l a r k ,  A .  H .  ( 1 9 8 5 ) .  L a r g e  
d e f o r m a t i o n  a n d  u l t i m a t e  p r p e r t i e s  o f  b i o p o l y m e r s  g e l s  
S i n g l e  b i o p o l y m e r  c o m p o n e n t  s y s t e m s .  P o l y m e r  2 6 : 1 4 8 3 - 1 4 9 2 .
M a h o n ,  J . H .  a n d  S c h n e i d e r ,  C . G .  ( 1 9 6 4 ) .  M i n i m i s i n g  f r e e z i n g  
d a m a g e  a n d  t h a w i n g  d r i p  i n  f i s h  f i l l e t s .  F o o d  T e c h n o l o g y  
1 8 ,  ( 1 2 ) ,  D e c e m b e r  p p  1 9 4 1 - 1 9 4 2 .
M a l l e ,  P . ,  N o w o g r o c k i ,  G .  a n d  T a i l l i e z ,  R .  ( 1 9 8 3 ) .  R e l a t i o n s h i p  
b e t w e e n  d e t e r i o r a t i o n  i n d e x  a n d  r a t e s  o f  t o t a l  v o l a t i l e  
b a s i c  n i t r o g e n  f o r  m a r i n e  f i s h .  S c i e n c e  d e s  A l i m e n t s . 3 ,  p p  
3 1 1 - 3 2 2 .
M a l l e ,  P .  a n d  P o u m e y r o l ,  M .  ( 1 9 8 9 )  . A  n e w  c h e m i c a l  c r i t e r i o n  f o r  
t h e  q u a l i t y  c o n t r o l  o f  f i s h  t r i m e t h y l a m i n e / t o t a l  v o l a t i l e  
b a s i c  n i t r o g e n  ( % ) .  J .  F o o d  P r o t e c t i o n  5 2 ,  ( 6 )  p p  4 1 9 - 4 2 3 .
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M a n h e r z ,  H . G .  a n d  G o o d y ,  R . S .  ( 1 9 7 6 ) .  P r o t e i n s  o f  c o n t r a c t i l e  
s y s t e m s .  A n n .  R e v .  B i o c h e m . 4 5 ,  p p  4 2 7 - 4 6 5 .
M a n s v e l t ,  J . W .  ( 1 9 7 0 )  . T h e  u s e  o f  f o a m s  i n  f o o d s  a n d  f o o d  
p r o d u c t i o n .  I :  F o a m s . E d :  A c k e r s ,  R . J . , A c a d e m i c  P r e s s ,
L o n d o n ,  p p  2 8 3 - 2 9 6 .
M a o ,  J . C - H .  a n d  T a r d r e w ,  P . L .  ( 1 9 6 5 )  D e m e t h y l a t i o n  o f  
e r y t h r o m y c i n s  b y  r a b b i t  t i s s u e s  i n  v i t r o . B i o c h e m .  
P h a r m a c o l . 1 4 ,  p p  1 0 4 9 - 1 0 5 8 .
M a o ,  W . W .  a n d  S t e r l i n g ,  C .  ( 1 9 7 0 )  . P a r a m e t e r s  o f  t e x t u r e  c h a n g e s  
i n  p r o c e s s e d  f i s h :  c r o s s - l i n k a g e  o f  p r o t e i n s .  J . T e x t u r e  
S t u d i e s  1 ,  p p  4 8 4 - 4 9 0 .
M a r s t o n ,  S . B .  a n d  S m i t h ,  C . W . J .  ( 1 9 8 5 ) .  T h e  t h i n  f i l a m e n t s  o f  
s m o o t h  m u s c l e s .  J o u r n a l  o f  M u s c l e  R e s e a r c h  a n d  C e l l  
M o t i l i t y  6., p p  6 6 9 - 7 0 8 .
M a r t o n e ,  C . B . ,  B u s c o n i ,  L . ,  F o l c o ,  E . J . ,  T r u c c o ,  R . E .  a n d  
S a n c h e z ,  J . J .  ( 1 9 8 6 ) .  A  s i m p l i f i e d  m y o s i n  p r e p a r a t i o n  f r o m  
m a r i n e  f i s h  s p e c i e s .  J .  o f  F o o d  S c i e n c e  5 1 ( 6 )  p p  1 5 5 4 - 1 5 5 5 .
M a t h e w s ,  C . K .  a n d  v a n  H o l d e ,  K . E .  ( 1 9 9 0 ) .  B i o c h e m i s t r y . T h e  
B e n j a m i n  C u m m i n g s  P u b l i s h i n g  C o m p a n y ,  I n c .  p p  1 0 5 5 - 1 0 5 6 .
M a t s u m o t o ,  J . J .  ( 1 9 7 9 )  . P r o t e i n s  a t  l o w  t e m p e r a t u r e . E d :  
F e n n e m a .  A m e r i c a n  C h e m i c a l  S o c i e t y .  W a s h i n g t o n ,  D . C .  A C S  
S y m p .  S e r .  N o .  1 8 0 ,  p p  2 0 5 - 2 2 4 .
M a t s u m o t o ,  J . J .  ( 1 9 8 0 ) .  C h e m i c a l  d e t e r m i n a t i o n  o f  p r o t e i n s . E d :  
W h i t i k a r  a n d  F u j i m a k i .  A m e r i c a n  C h e m i c a l  S o c i e t y .
W a s h i n g t o n  D . C .  A C S  S y m p .  S e r .  N o  1 2 3 ,  p p  9 5 - 1 2 4 .
M a t t h e w s ,  A . D . ,  P a r k ,  G . R .  a n d  A n d e r s o n ,  E . M .  ( 1 9 7 9 ) .  E v i d e n c e  
f o r  t h e  f o r m a t i o n  o f  c r o s s - l i n k e d  m y o s i n  i n  f r o z e n  s t o r e d  
c o d  m i n c e s .  I n :  A d v .  i n  F i s h  S c i e n c e  a n d  T e c h n o l o g y . E d :  
C o n n e l l ,  J . J .  F i s h i n g  N e w s  B o o k  L t d ,  F a r n h a m .  p  4 3 8 - 4 4 4 .
M e a n s ,  J . E .  a n d  F e e n y ,  R . E .  ( 1 9 7 1 ) .  C h e m i c a l  m o d i f i c a t i o n  o f  
p r o t e i n s . H o l d e n - D a y ,  I n c . ,  L o n d o n .
M e a n s ,  J . E .  a n d  F e e n y ,  R . E .  ( 1 9 6 8 )  . R e d u c t i v e  a l k y l a t i o n  o f  
a m i n o  g r o u p s  i n  p r o t e i n s .  B i o c h e m i s t r y . 7., p p  2 1 9 2 - 2 2 0 1 .
386
M i e t z ,  J . L .  a n d  K a r m a s ,  E .  ( 1 9 7 8 )  . P o l y a m i n e  a n d  h i s t a m i n e  
c o n t e n t  o f  r o c k f i s h ,  s a l m o n ,  l o b s t e r  a n d  s h r i m p  a s  a n  
i n d i c a t o r  o f  d e c o m p o s i t i o n .  J o u r n a l  A s s o c i a t i o n  o f  O f f i c i a l  
A n a l y t i c a l  C h e m i s t s , 6 1 ( 1 ) . p p  1 3 9 - 1 4 5 .
M i l l i g a n ,  R . A .  a n d  F l i c k e r ,  P . F  ( 1 9 8 7 ) .  S t r u c t u r a l  r e l a t i o n s h i p s  
o f  a c t i n ,  m y o s i n  a n d  t r o p o m y o s i n  r e v e a l e d  b y  c r y o - e l e c t r o  
m i c r o s c o p y .  J .  C e l l  B i o l o g y  1 0 5 ,  p p  2 9 - 3 9 .
M i t a ,  T . ,  N i k a i ,  K .  , H i r a o k a ,  T .  , M a t s u o ,  S .  a n d  M a t s u m o t o ,  H .  
( 1 9 7 7 ) .  P h y s i c o - c h e m i c a l  s t u d i e s  o n  w h e a t  p r o t e i n  f o a m s .  J .  
o f  C o l l o i d  a n d  I n t e r f a c e  S c i e n c e . 5 9  ( 1 9 ) , p p  1 7 2 - 1 7 8 .
M o h a m m a d z a d e h ,  K . A . ,  S m i t h ,  L . M .  a n d  F e e n e y ,  R . E .  ( 1 9 6 9 ) .  
H y d r o p h o b i c  b i n d i n g  o f  h y d r o c a r b o n s  b y  p r o t e i n s .  I I .  
R e l a t i o n s h i p  o f  p r o t e i n  s t r u c t u r e .  B i o c h i m .  B i o o h y s . A c t a  
1 9 4 , p p  2 5 6 - 2 6 4 .
M o i n i ,  S .  a n d  S t o r e y ,  R . M .  ( 1 9 8 0 ) .  I n h i b i t i o n  o f  T M A O  d e g r a d i n g  
e n z y m e  i n  s m o k e d  c o d .  I n :  A d v .  i n  F i s h  S c .  a n d  T e c h n o l . 
P r o c .  T o r r y  J u b i l e e  C o n f e r e n c e .  F i s h i n g  N e w s  B o o k s  L t d .  p p  
2 7 9 - 2 8 3 .
M o n t g o m e r y ,  W . A . ,  S i d h u ,  G . S .  a n d  V a l e ,  G . L .  ( 1 9 7 0 ) .  T h e  
A u s t r a l i a n  p r a w n  i n d u s t r y .  I .  N a t u r a l  r e s o u r c e s  a n d  q u a l i t y  
a s p e c t s  o f  w h o l e  c o o k e d  f r e s h  p r a w n s  a n d  f r o z e n  p r a w n  m e a t .  
F o o d  P r e s e r v a t i o n  Q u a r t e r l y  30 .,  p  2 1 - 2 7 .
M o r r ,  C . V .  ( 1 9 9 2 )  . I m p r o v i n g  t h e  t e x t u r e  a n d  f u n c t i o n a l i t y  o f  
w h e y  p r o t e i n  c o n c e n t r a t i o n .  F o o d  T e c h n o l . 4 6 ( 1 )  p p  1 1 0 - 1 1 3 .
M o r r i s  B . A  ( 1 9 8 5 ) .  P r i n c i p l e s  o f  I m m u n o a s s a y s .  I n :  I m m u n o a s s a y s  
o f  F o o d  A n a l y s i s . E d :  M o r r i s ,  B . A .  a n d  C l i f f o r d  M . N .
E l s e v i e r  A p p l i e d  S c i e n c e  P u b l i s h e r s ,  L o n d o n ,  p p  2 1 - 5 1 .
M o s k o w i t z ,  H . R  a n d  K a p s a l i s ,  J . G .  ( 1 9 7 6 )  . P s y c h o p h y s i c a l  
r e l a t i o n s  i n  t e x t u r e .  I n :  " R h e o l o g v  a n d  t e x t u r e  i n  F o o d
Q u a l i t y "  e d .  J . W  d e M a n ,  P . W  V o i s e y ,  V . F  R a s p e r ,  a n d  D . W  
S t a n e l y  p p .  5 5 4 .  A V I  P u b .  C o .  W e s t p o r t  C o n n .
M u l l e r ,  S .  ( 1 9 8 8 ) .  I m m u n i s a t i o n  w i t h  p e p t i d e s . I n :  S y n t h e t i c
P o l y p e p t i d e s  a s  A n t i g e n s . E d :  V a n  R e g e n m o r t e l ,  M . H . V . ,
B r i a n d ,  J . P . ,  M u l l e r ,  S .  a n d  L a u e ,  S . ,  E l s e v i e r ,  O x f o r d ,  p p  
1 3 1 - 1 4 4 .
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M u r u a y a m a  K . ,  N a t o r i ,  R .  a n d  N o n o m u r a ,  Y .  ( 1 9 7 6 ) .  N e w  e l a s t i c  
p r o t e i n  f r o m  m u s c l e .  N a t u r e  ( L o n d o n )  2 6 2 . p p  5 8 - 6 0 .
M u r p h y ,  M . C  a n d  H o w e l l ,  N . K  ( 1 9 9 0 )  . E f f e c t  o f  s u c c i n y l a t i o n  o n  
t h e  f u n c t i o n a l  a n d  p h y s i c o c h e m i c a l  p r o p e r t i e s  o f  b o v i n e  
s e r u m  a l b u m i n .  J .  S c i .  F o o d  A g r i c . 5 1 ,  1 0 9 - 1 2 3 .
M u r p h y ,  M . C .  a n d  H o w e l l ,  N . K  ( 1 9 9 1 ) .  F u n c t i o n a l  p r o p e r t i e s  o f  
n a t i v e  a n d  p o s i t i v e l y  a n d  n e g a t i v e l y  c h a r g e d  m o d i f i e d  
b o v i n e  s e r u m  a l b u m i n .  J .  S c i .  F o o d  A g r i c . 5 5 . 4 8 9 - 4 9 2 .
M u r r a y  J .  a n d  B u r t  J . R .  T h e  c o m p o s i t i o n  o f  f i s h .  T o r r y  a d v i s o r y  
n o t e  N o .  3 8  p p  3 - 1 4 .
N a k a i ,  S .  ( 1 9 8 3 ) .  S t r u c t u r e  f u n c t i o n  r e l a t i o n s h i p  o f  f o o d  
p r o t e i n s  w i t h  e m p h a s i s  o n  t h e  i m p o r t a n c e  o f  p r o t e i n  
h y d r o p h o b i c i t y .  J .  A g r .  F o o d  C h e m . 3 1 . p p  6 7 6 - 6 8 3 .
N a s h ,  T .  ( 1 9 5 3 ) .  T h e  c o l o r i m e t r i c  e s t i m a t i o n  o f  f o r m a l d e h y d e  b y  
m e a n s  o f  t h e  H a n t z s c h  r e a c t i o n .  B i o c h e m .  J . 55 .,  p p  4 1 6 - 4 2 1 .
N e c e s s a r y ,  P . C . ,  H u m p h r e y ,  P . A . ,  H e l k a m p ,  G . M .  J r ,  T u r n e r ,  C . D . ,  
R a w i t h ,  A . B .  a n d  E b n e r  ( 1 9 8 5 )  . T h e  C u i s i n a r t  F o o d  P r o c e s s o r  
e f f i c i e n t l y  d i s a g g r e g a t e s  t i s s u e .  A n a l .  B i o c h e m .  1 4 6 . p p  
3 7 2 - 3 7 3 .
N e w b o l d ,  R . P .  ( 1 9 6 6 ) .  C h a n g e s  a s s o c i a t e d  w i t h  m o r t i s .  I n :  
P h y s i o l o g y  a n d  B i o c h e m i s t r y  o f  m u s c l e  a s  F o o d . E d :  
B r i s k l e y ,  E . J . ,  C a s s e n s ,  R . G .  a n d  T r a n t m a n ,  J . C . ,  
U n i v e r s i t y  o f  W i s c o n s i n  P r e s s ,  M a d i s o n ,  p p  2 3 1 - 2 2 4 .
N e w m a n  G . G  ( 1 9 7 4 )  . C o l i n .  S c i e n t .  P a p .  I n t .  C o m m n .  S . E  A t l . 
F i s h . . 1 ,  p p  2 1 2 - 2 1 9 .
N e w m a n  G . G  ( 1 9 7 7 ) .  F A O  F i s h  T e c h .  P a p e r .  N o  1 7 8 . 5 9  p p .
N i e l s e n ,  P . J . ,  M a n c h e s t e r ,  K . ,  T o w b i n ,  H . ,  G o r d o n ,  J .  a n d  
T h o m a s ,  G .  ( 1 9 8 2 ) .  T h e  p h o s p h o r y l a t i o n  o f  r i b o s o m a l  p r o t e i n  
S 6  i n  r a t  t i s s u e s  f o l l o w i n g  c y c l o h e x i m i d e  i n j e c t i o n  i n  
d i a b e t e s  a n d  a f t e r  d e n e r v a t i o n  o f  d i a p h r a g m .  A  s i m p l e  
i m m u n o l o g i c a l  d e t e r m i n a t i o n  o f  t h e  e x t e n t  o f  S 6  
p h o s p h o r y l a t i o n  o n  p r o t e i n  b l o t .  J .  B i o l .  C h e m . 2 5 7  ( 2 0 ) . p p  
1 2 3 1 6 - 1 2 3 2 1 .
N i s t c h a m ,  H . ,  H a d o r n ,  H .  a n d  L a u e r ,  H .  ( 1 9 4 6 )  D i e  U m s e t z u n g  d e s  
C a s e i n s  m i t  F o r m a l d e h y d e .  H e l v .  C h i m .  A c t a  2 9 ,  p p  1 7 4 - 1 7 9 .
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N o l a n ,  E . J  H o l s i n g e r ,  V . H . , a n d  J . J .  S h i e h  ( 1 9 8 9 ) .  D y n a m i c  
r h e o l o g i c a l  p r p e w r t i e s  o f  n a t u r a l  a n d  i m i t a t i o n  m o z z a r e l a a  
c h e e s e .  J .  T e x t u r e  S t u d . 20 .:  1 7 9 - 1 8 9 .
O ' F a r r e l ,  P . Z . ,  G o o d m a n ,  H . M .  a n d  O ' F a r r e l ,  P . H .  ( 1 9 7 7 ) .  H i g h  
r e s o l u t i o n  t w o - d i m e n s i o n a l  e l e c t r o p h o r e s i s  o f  b a s i c  a s  w e l l  
a s  a c i d i c  p r o t e i n s .  C e l l  1 2 . p p  1 1 3 3 - 1 1 4 2 .
O f f i t ,  P . A . ,  C l a r k  H . F ,  T a y l o r ,  A . H ,  H e s s  R . G ,  B a c h m a n n  R . G ,  
B a c h m a n  P . A  a n d  P l i k t i ,  S . A  ( 1 9 8 4 ) .  R o t a v i r u s - S p e c i f i c  
a n t i b o d i e s  i n  f e t a l  b o v i n e  s e r u m  a n d  C o m m e r c i a l  
P r e p a r a t i o n s  o f  s e r u m  a l b u m i n .  J .  C l i n .  M i c r o b i o l .  2 0 . 2 6 6 -  
2 7 0  .
O h n i s h i ,  M .  a n d  R o d g e r ,  G . W .  ( 1 9 8 0 )  . A n a l y s i s  o f  t h e  s a l t -  
s o l u b l e  p r o t e i n  f r a c t i o n  o f  c o d  m u s c l e  b y  g e l  f i l t r a t i o n .  
I n :  A d v a n c e s  i n  F i s h  S c i .  a n d  T e c h n o l o g y . C h a p t e r  1 2 ,  E d :  
C o u n c i l ,  J . S .  F i s h i n g  N e w s  B o o k s  L t d ,  E n g l a n d ,  p p  4 2 2 - 4 2 8 .
O h n i s h i ,  M .  a n d  R o d g e r ,  G . W .  ( 1 9 7 9 ) .  E f f e c t  o f  F A  a d d i t i o n  a t  
d i f f e r e n t  i o n i c  s t r e n g t h s  o n  s a l t - e x t r a c t a b l e  p r o t e i n s  o f  
f i s h  m u s c l e .  A d v .  i n  F i s h  S c i .  a n d  T e c h n o l o g y . E d :  C o n n e l l ,  
J . J .  F i s h i n g  N e w s  B o o k s  L t d . ,  F a r n h a m ,  E n g l a n d  p p  4 5 9 - 4 6 6 .
O l l e y ,  J . N .  ( 1 9 8 0 )  . S t r u c t u r e  a n d  p r o t e i n s  o f  t h e  f i s h  a n d  
s h e l l f i s h .  P a r t  1 .  I n :  A d v .  i n  F i s h  S c i e n c e  a n d  T e c h n o l o g y . 
E d :  C o n n e l l ,  J . J .  F i s h i n g  N e w s  B o o k s  L t d .  p p  6 5 - 7 2 .
O l s o n ,  G .  , P a r r i s h ,  F . C .  J r  a n d  S t r o m e ,  M . H .  ( 1 9 7 6 ) .  M y o f i b r i l  
f r a g m e n t a t i o n  a n d  s h e a r  r e s i s t a n c e  o f  t h r e e  b o v i n e  m u s c l e s  
u s i n g  p o s t m o r t e m  s t o r a g e .  J .  o f  F o o d  S c i .  4 1 ,  p p  1 0 3 6 - 1 0 4 1 .
O m u r a ,  T .  a n d  S a t o ,  R .  ( 1 9 6 2 )  . A  n e w  C y t o c h r o m e  i n  l i v e r  
m i c r o s o m e s .  J .  B i o l .  C h e m .  2 3 7 ,  p p  1 3 7 5 - 1 3 7 6 .
O w u s u - A n s a h ,  J .  a n d  H u l t i n ,  H . O .  ( 1 9 8 6 )  C h e m i c a l  a n d  p h y s i c a l  
c h a n g e s  i n  r e d  h a k e  f i l l e t s  d u r i n g  f r o z e n  s t o r a g e .  J .  o f  
F o o d  S c i e n c e  5 1 ( 6 ) . p p  1 4 0 2 - 1 4 0 6 .
O w u s u - A n s a h ,  J .  a n d  H u l t i n ,  H . O .  ( 1 9 8 6 ) .  C h e m i c a l  a n d  p h y s i c a l  
c h a n g e s  i n  r e d  h a k e  f i l l e t s  d u r i n g  f r o z e n  s t o r a g e .  J .  o f  
F o o d  S c i e n c e  5 1  ( 6 ) . p p  1 4 0 2 - 1 4 0 6 .
O w u s u - A n s a h ,  J . Y .  a n d  H u l t i n ,  H . O .  ( 1 9 8 4 ) .  T r i m e t h y l a m i n e  o x i d e  
p r e v e n t s  i n s o l u b i l i s a t i o n  o f  r e d  h a k e  m u s c l e  p r o t e i n s  
d u r i n g  f r o z e n  s t o r a g e .  J .  A g r i c .  a n d  F o o d  C h e m i s t r y  3 2 ,  p p  
1 0 3 2 - 1 0 3 5 .
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O w u s u - A n s a h ,  Y . J .  a n d  H u l t i n ,  H . O .  ( 1 9 8 7 ) .  E f f e c t  o f  i n  v i v o  F A  
p r o d u c t i o n  o n  s o l u b i l i t y  a n d  c r o s s - l i n k i n g  o f  p r o t e i n s  o f  
m i n c e d  r e d  h a k e  m u s c l e  d u r i n g  f r o z e n  s t o r a g e .  J . F d .  
B i o c h e m . 1 1 ,  p p  1 7 - 3 9 .
O w u s u - A n s a h ,  Y . J .  a n d  H u l t i n ,  H . O .  ( 1 9 8 7 )  . E f f e c t  o f  i n  s i t u  
f o r m a l d e h y d e  p r o d u c t i o n  o n  s o l u b i l i t y  a n d  c r o s s - l i n k i n g  o f  
p r o t e i n s  o f  m i n c e d  r e d  h a k e  m u s c l e  d u r i n g  f r o z e n  s t o r a g e . 
J .  F o o d  B i o c h e m . 1 1 . p p  1 7 - 3 4 .
O w u s u - A n s a h ,  Y . J .  a n d  H u l t i n ,  H . O .  ( 1 9 8 6 )  . C h e m i c a l  a n d  p h y s i c a l  
c h a n g e s  i n  r e d  h a k e  f i l l e t s  d u r i n g  f r o z e n  s t o r a g e .  J o u r n a l  
o f  F o o d  S c i e n c e  5 1 ( 6 ) . p p  1 4 0 2 - 1 4 0 6 .
P a l m e r ,  T .  ( 1 9 9 1 )  . U n d e r s t a n d i n g  E n z y m e s . 3 r d  e d i t i o n .  E l l i s  
H o r w o o d .
P a r k ,  J . ,  L a n i e r ,  T . C . ,  K e e t o n ,  J . T .  a n d  H a m m a n ,  D . D .  ( 1 9 8 7 ) .  
U s e  o f  c r y o p r o t e c t a n t s  t o  s t a b i l i s e  f u n c t i o n a l  p r o p e r t i e s  
o f  p r e r i g o r  s a l t e d  b e e f  d u r i n g  f r o z e n  s t o r a g e .  J o u r n a l  o f  
F o o d  S c i e n c e  52 ., p p  5 3 7 - 5 4 2 .
P a r k ,  J . A . E . W .  a n d  L a n i e r ,  T . C .  ( 1 9 8 9 ) .  S c a n n i n g  c a l o r i m e t r i c  
b e h a v i o u r  o f  T i l a p i a  m y o s i n  a n d  a c t i n  d u e  t o  p r o c e s s i n g  o f  
m u s c l e  a n d  p r o t e i n  p u r i f i c a t i o n .  J .  o f  F o o d  S c i . 5 4 ,  p p  4 9 -  
5 1 .
P a r k i n ,  K . C .  a n d  H u l t i n ,  H . O .  ( 1 9 8 2 )  . S o m e  f a c t o r s  i n f l u e n c i n g  
t h e  p r o d u c t i o n  o f  d i m e t h y l a m i n e  a n d  f o r m a l d e h y d e  i n  m i n c e d  
a n d  i n t a c t  r e d  h a k e  m u s c l e .  J .  F o o d  P r o c .  P r e s e v . 6., p p  7 3 -
P a r k i n ,  K . L .  a n d  H u l t i n ,  H . O .  ( 1 9 8 7 ) .  S p e c t r o p h o m e t r i e  e v i d e n c e  
f o r  a  h a e m o p r o t e i n  i n  f i s h  m u s c l e  m i c r o s o m e s  p o s s i b l e  
i n v o l v e m e n t  i n  T M A O a s e  a c t i v i t y .  J .  A g r i c .  F o o d  C h e m . 3 5 . 
p p  3 4 - 4 1 .
P a r k i n ,  K . L . ,  a n d  H u l t i n ,  H . O .  ( 1 9 8 6 ) .  P a r t i a l  p u r i f i c a t i o n  o f  
T M A O a s e  f r o m  c r u d e  m u s c l e  m i c r o s o m e s  b y  d e t e r g e n t s . J .  
B i o c h e m . 1 0 0 . p p  7 7 - 8 7 .
P a r k i n ,  K . L .  a n d  H u l t i n ,  H . O .  ( 1 9 8 2 )  . F i s h  m u s c l e  m i c r o s o m e s  
c a t a l y s e  t h e  c o n v e r s i o n  o f  T M A O  t o  D M A  a n d  f o r m a l d e h y d e .  
F E B S  L e t t . 1 3 9  ( 1 ) . p p  6 1 - 6 4 .
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P a r k i n ,  K . L .  a n d  H u l t i n ,  H . O .  ( 1 9 8 1 ) .  R e f r i g e r a t i o n  S c i e n c e  a n d  
T e c h n o l o g y  4 ,  p p  4 7 5 - 4 8 2 .
P a r r i s h ,  R . H . ,  B a k u n ,  A . ,  H u s b y ,  D . M .  a n d  N e l s o n ,  C . S .  ( 1 9 8 3 ) .  
I n :  P r o c e e d i n g s  o f  t h e  E x p e r t  C o n s u l t a t i o n  t o  E x a m i n e  
c h a n g e s  i n  a b u n d a n c e  a n d  s p e c i e s  c o m p o s i t i o n  o f  N e r i t i c  
F i s h  R e s o u r c e s . S a n  J o s e ,  C o s t a  R i c a ,  E d :  S h a r p ,  G . D .  a n d  
C s i r k e ,  J .
P a s t o r i z a ,  L .  a n d  S a m p e d r o ,  G .  ( 1 9 9 4 )  . I n f l u e n c e  o f  i c e  s t o r a g e  
o n  R a y  ( R a j a  c l a v a t a ) w i n d  m u s c l e .  J .  S c i .  F o o d  A g r i c . 64., 
p p  9 - 1 8 .
P a t a s h a i k ,  T .  a n d  G r o n i n g e r ,  H . S .  ( 1 9 6 4 ) .  O b s e r v a t i o n  o n  t h e  
m i l k y  c o n d i t i o n  i n  s o m e  P a c i f i c  c o a s t  f i s h .  J .  F i s h  R e s .  
B o a r d  C a n a d a . 2 1 , p p  3 3 5 - 3 4 6 .
P a t m a n ,  C . A . J . ,  v a n  d e r  W e r f ,  K .  , d e  G r o o t h ,  B . G . ,  v a n  H u l s t .  
N . F . ,  S e g e r i n k ,  F . B .  a n d  G r e v e ,  J .  ( 1 9 9 2 ) .  R e v .  S c i .  
I n t r s u m . 6 3 ,  p p  1 9 1 4 - 1 9 1 7 .
P a v e r r g o u ,  E .  a n d  C l i f f o r d ,  M . N .  ( 1 9 9 2 ) .  T e t r a h y d r o - S - c a r b o l i n e  
c a r b o x y l i c  a c i d s  i n  s m o k e d  f o o d .  F o o d  a d d i t i v e s  a n d  
c o n t a m i n a n t s  9 ( 1 ) , p p  8 3 - 9 5 .
P a y n e  A . l  ( 1 9 8 9 ) .  C a p e  h a k e s .  I n :  O c e a n s  o f  l i f e  o f f  S o u t h e r n  
A f r i c a . E d s .  P a y n e  A . I . L  a n d  C r a w f o r d  R . J . M .  V l a e b e r g  
P u b l i s h e r s ,  C a p e  T o w n ,  p p  1 3 6 - 1 4 7 .
P e a r s o n ,  J . D . ,  L i n ,  N . T .  a n d  R e g n i e r ,  F . E .  ( 1 9 8 2 ) .  T h e  
i m p o r t a n c e  o f  s i l i c a t y p e  f o r  r e v e r s e d  p h a s e d  p r o t e i n  
s e p a r a t i o n s .  A n a l .  B i o c h e m .  1 2 4 , p p  2 1 7 - 2 3 0 .
P e r r y ,  S . V .  ( 1 9 6 0 ) .  T h e  c h r o m a t o g r a p h y  o f  L - m y o s i n  a n d  
d i a e t h y l a m i n o e t h y l c e l l u l o s e . B i o c h e m .  J . 7 4 ,  p p  9 4 - 1 0 1 .
P e r r y  S . W .  ( 1 9 5 5 )  . M y o s i n  A T P a s e .  I n :  M e t h o d s  i n  E n z y m o l o g y . V o l  
2 .  E d s :  C o l o w i c k ,  S . P .  a n d  K o p l a n ,  N . O .  A c a d e m i c  P r e s s ,  N e w  
Y o r k ,  p p  5 8 2 - 5 8 8 .
P e s c e ,  A . J ,  M e n d o z a ,  N . ,  B o r e i s h a  I . ,  G a i z u t i s ,  M . A . , a n d  
p o l l a c k ,  V . E  ( 1 9 7 4 ) .  U s e  o f  e n z y m e - l i n k e d  a n t i b o d i e s  s e r u m  
a n t i - D N A  a n t i b o d y  i n  s y s t e m i c  l u p u s  e r y t h e m a t o s u s .  C l i n .  
C h e m . , 2 0 ,  3 5 3 - 3 5 9 .
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P h i l l i p s ,  M . C .  ( 1 9 8 1 ) .  P r o t e i n  c o n f o r m a t i o n  a t  l i q u i d  i n t e r f a c e  
a n d  i t s  r o l e  i n  s t a b i l i s i n g  e m u l s i o n  a n d  f o a m s .  F o o d  
T e c h n o l o g y  3 5 ( 1 ) . p p  5 0 - 5 7 .
P h i l l i p y ,  B . Q .  ( 1 9 8 4 ) .  C h a r a c t e r i s a t i o n  o f  t h e  i n  s i t u  T M A O a s e  
s y s t e m  o f  r e d  h a k e  m u s c l e .  P h D  t h e s i s ,  U n i v e r s i t y  o f  
M a s s a c h u s s e t t s , A m h e r s t .  1 6 5 p p .
P o o l e ,  S .  a n d  F r y ,  J . C .  ( 1 9 8 7 )  . H i g h  p e r f o r m a n c e  p r o t e i n  f o a m i n g  
a n d  g e l a t i o n  s y s t e m s .  I n :  D e v e l o p m e n t  i n  F o o d  P r o t e i n s . 5 t h  
E d .  E d :  H u d s o n ,  B . J . F .  E l s e v i e r  A p p l i e d  S c i e n c e s ,  L o n d o n ,  
A c a d e m i c  P r e s s ,  I n c ,  N e w  Y o r k ,  U S A ,  p p  2 7 4 - 3 3 4 .
P o r z i o ,  M . A .  a n d  P e a r s o n ,  A . M .  ( 1 9 7 7 ) .  I m p r o v e d  r e s o l u t i o n  o f  
m y o f i b r i l l a r  p r o t e i n  w i t h  S D S  p o l y a c r y l a m i d e  g e l  
e l e c t r o p h o r e s i s .  B i o c h i m .  B i o p h y s . A c t a  4 9 0 . p p  2 7 - 3 4 .
P o u l t e r ,  R . G .  a n d  L a w r i e ,  R . A .  ( 1 9 7 8 ) .  S t u d i e s  o n  f i s h  m u s c l e  
p r o t e i n ;  c h a n g e s  i n  s u l p h y d r y l  g r o u p s  a n d  t h e  b i n d i n g  o f  
a d d e d  f o r m a l d e h y d e  d u r i n g  f r o z e n  s t o r a g e .  L e b e n s m .  W i s s .  
T e c h . 1 1 . p p  2 6 4 - 2 6 6 .
P r i n c e ,  P . ,  T r a y e r ,  H . R . ,  H e n r y ,  G . D .  a n d  T r a y e r ,  I . P .  ( 1 9 8 1 ) .  
P r o t e i n  N u c l e a r  M a g n e t i c  R e s o n a n c e  s p e c t r o s c o p y  o f  m y o s i n  
s u b f r a g m e n t s . 1 .  I s o e n z y m e s .  J .  B i o c h e m . N o .  1 ,  p p  1 2 1 ,
2 1 3 .
P r o c h n i e w i c z , E .  a n d  S t r z e l e c k a - G o l a s z e w s k a ,  H .  ( 1 9 8 0 )  . C h i c k e n  
g i z z a r d  a c t i n :  i n t e r a c t i o n  w i t h  s k e l e t a l  m u s c l e  m y o s i n .
E u r .  J .  B i o c h e m . 1 0 6 , p p  3 0 5 - 3 1 2 .
R a d i c o t ,  L . D . ,  L u n d s t r o m ,  R . C . ,  W i l h e l m ,  K . A . ,  R a v e s i ,  E . M .  a n d  
L i c c i a r d e l l o ,  J . J .  ( 1 9 8 4 ) .  E f f e c t  o f  o x i d i s i n g  a n d  r e d u c i n g  
a g e n t s  o n  T M A o a s e  a c t i v i t y  i n  r e d  h a k e  m u s c l e .  J .  A g r i c .  
F o o d  C h e m . 3 2 . p p  4 5 9 - 4 6 4 .
R a g n a r s s o n ,  K .  a n d  R e g e n s t e i n ,  J . M .  ( 1 9 8 9 )  . C h a n g e s  i n  
e l e c t r o p h o r e t i c  p a t t e r n s  o f  g a d o i d  a n d  n o n - g a d o i d  f i s h  
m u s c l e  d u r i n g  f r o z e n  s t o r a g e .  J .  o f  F o o d  S c i .  5 4  ( 4 )  , p p
8 1 9 - 8 2 3 .
R a t n e r ,  S . ,  a n d  C l a r k ,  H . T .  ( 1 9 3 7 ) .  A m e r i c a n  C h e m .  S o c . .  5 9 ,  p p  
2 0 0
R e a d ,  S . M .  a n d  N o r t h c o t e ,  D . H .  ( 1 9 8 1 )  . M i n i m i s a t i o n  o f  v a r i a t i o n  
i n  t h e  r e s p o n s e  t o  d i f f e r e n t  p r o t e i n s  o f  t h e  C o o m a s s i e  B l u e
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G - D y e  b i n d i n g  a s s a y  f o r  p r o t e i n .  A n a l .  B i o c h e m . 1 1 6 . p p  5 3 -  
6 4 .
R e a y ,  G . A .  a n d  K u c h e l ,  C . C .  ( 1 9 3 6 )  . T h e  p r o t e i n s  o f  f i s h .  G . B  
D e p t .  S c i .  I n d .  R e s e a r c h  r e p o r t  F o o d  I n v e s t .  B o a r d ,  p p  9 3 -  
9 6 .
R e e c e ,  P .  ( 1 9 8 3 )  . T h e  r o l e  o f  o x y g e n  i n  t h e  p r o d u c t i o n  o f  
f o r m a l d e h y d e  i n  f r o z e n  m i n c e d  c o d  m u s c l e .  J .  S c i .  F o o d  
A g r i c . 3 4 , p p  1 1 0 8 - 1 1 1 2 .
R e g e n s t e i n ,  J . M .  a n d  R e g e n s t e i n ,  C . E .  ( 1 9 8 4 ) .  P r o t e i n  
f u n c t i o n a l i t y  f o r  f o o d  s c i e n t i s t s .  F o o d  P r o t e i n  C h e m i s t r y . 
A c a d e m i c  P r e s s .  I n c .  N e w  Y o r k ,  U S A ,  p p  2 7 4 - 3 3 4 .
R e g e n s t e i n ,  J . M . ,  S c h l o s s e r ,  M . A . ,  S a m s o n ,  A .  a n d  F e y ,  M .  
( 1 9 8 2 ) .  C h e m i c a l  c h a n g e s  o f  t r i m e t h y l a m i n e  o x i d e  d u r i n g  
f r o z e n  s t o r a g e  o f  f i s h .  I n :  C h e m i s t r y  a n d  B i o c h e m i s t r y  o f  
M a r i n e  F o o d  P r o d u c t s . E d :  M a r t i n ,  R . E . ,  F l i c k ,  G .  J .  ,
H e r b a r d ,  C . E .  a n d  W a r d ,  D . R . ,  A V I  P u b l i s h i n g ,  C o . ,  W e s t p o r t  
C T .  p p  1 3 7 .
R e h b e i n ,  H .  ( 1 9 8 5 ) .  D o e s  f o r m a l d e h y d e  f o r m  c r o s s - l i n k s  b e t w e e n  
m y o f i b r i l l a r  p r o t e i n s  d u r i n g  f r o z e n  s t o r a g e  o f  f i s h  m u s c l e ?  
P r o c .  S t o r a g e  l i v e s  o f  c h i l l e d  a n d  f r o z e n  f i s h  a n d  f i s h  
p r o d u c t s ,  I I R  C o m m i s s i o n  C 2  a n d  D 3 ,  A b e r d e e n ,  p p  7 3 - 7 9 .
R e h b e i n  H .  ( 1 9 8 7 )  . " D e t e r m i n a t i o n  o f  t h e  f o r m a l d e h y d e  c o n t e n t  i n  
f i s h e r y  p r o d u c t s " .  Z . L e b e n s m  U n t e r s  F o r s c h  1 8 5 ,  p p  2 9 2 - 2 9 8
R e h b e i n ,  H .  a n d  S p e n c e r ,  W .  ( 1 9 8 4 ) .  T M A O a s e  a c t i v i t y  i n  t i s s u e s  
o f  f i s h  s p e c i e s  f r o m  t h e  n o r t h e a s t  A t l a n t i c .  C o m p .  B i o c h e m .  
P h y s . 7 9 B . ( 3 )  p p  4 4 7 - 4 5 2 .
R e y n o l d s ,  J . A .  a n d  T a n f o r d ,  C .  ( 1 9 7 0 )  . T h e  g r o s s  c o n f o r m a t i o n  o f  
p r o t e i n  s o d i u m  d o d e c y l  s u l p h a t e  c o m p l e x e s .  J .  B i o l .  C h e m . 
2 4 5  ( 1 9 )  p p  5 1 6 1 - 5 1 6 5 .
R o b i n s o n ,  J .  ( 1 9 6 6 ) .  I n t e r a c t i o n  b e t w e e n  p r o t e i n  S H  g r o u p s  a n d  
l i p i d  d o u b l e  b o n d s  i n  b i o l o g i c a l  m e m b r a n e s .  N a t u r e ,  2 1 2 ,  p  
1 9 9 - 2 0 0 .
R o d g e r ,  G .  a n d  H a s t i n g s ,  R .  ( 1 9 8 4 )  . R o l e  o f  t r i m e t h y l a m i n e  o x i d e  
i n  t h e  f r e e z e  d e n a t u r a t i o n  o f  f i s h  m u s c l e  -  i s  i t  s i m p l y  a  
p r e c u r s o r  o f  f o r m a l d e h y d e ?  J .  o f  F o o d  S c i .  4 9 . 1 6 4 0 - 1 6 4 1 .
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R o u b a l ,  W . T .  ( 1 9 7 1 ) .  F r e e  r a d i c a l ,  m a l o n a l d e h y d e  a n d  P r o t e i n  
D a m a g e  i n  L i p i d - P r o t e i n  S y s t e m s .  L i p i d s  6., p p  6 2 - 6 4 .
R o u b a l ,  W . T .  a n d  T a p p e l ,  A . L . ( 1 9 6 6 )  D a m a g e  t o  p r o t e i n s ,  e n z y m e s  
a n d  a m i n o  a c i d s  b y  p e r o x i d i z i n g  l i p i d s .  A r c h .  B i o c h e m .  
B i o n h v s . 1 1 3 , p p  5 - 8 .
R u g a r ,  D .  a n d  H a n s m a ,  P .  ( 1 9 9 0 ) .  A t o m i c  F o r c e  M i c r o s c o p y .  I t  i s  
s u r p r i s i n g l y  e a s y  t o  m a k e  a  c a n t i v e l e r  w i t h  a  s p r i n g  
c o n s t a n t  w e a k e r  t h a n  t h e  e q u i v a l e n t  s p r i n g  b e t w e e n  a t o m s  
a l l o w i n g  a  s h a r p  t i p  t o  i m a g e  b o t h  c o n d u c t i n g  a n d  n o n ­
c o n d u c t i n g  s a m p l e s  a t  a t o m i c  r e s o l u t i o n .  P h y s . T o d a y . 
O c t o b e r ,  4 3  p p  2 3 - 3 0 .
S a n o ,  T . ,  N o g u c h i ,  S . F . ,  T s u c h i y a ,  T .  a n d  M a t s u m o t o ,  J .  ( 1 9 8 9 ) .  
C o n t r i b u t i o n  o f  t r o p o m y o s i n  t o  f i s h  m u s c l e  g e l  
c h a r a c t e r i s t i c s .  J .  o f  F o o d  S c i e n c e  5 4  ( 2 )  . p p  2 5 8 - 2 6 4 .
S a i n t e - M a r i e ,  G .  ( 1 9 6 2 ) .  A  p a r a f f i n  e m b e d d i n g  t e c h n i q u e  f o r  
s t u d i e s  e m p l o y i n g  i m m u n o f l u o r e s c e n c e .  J .  H i s t o c h e m .
C y  t o  c h e m . 10. ( 3 )  p p  2 5 0 - 2 5 6 .
S a r i g  Y .  a n d  O r l o v s k y  S .  ( 1 9 7 4 ) .  V i s c o e l s a t i c  p r o p e r t i e s  o f  
S h a m o u t i  o r a n g e s .  J .  T e x t u r e  S t u d i e s  5 ,  p p 3 3 9 - 3 4 9
S a w a n t ,  P . L .  a n d  M a g a r ,  N . G .  ( 1 9 6 1 ) .  S t u d i e s  o n  f r o z e n  f i s h .  I .  
D e n a t u r a t i o n  o f  p r o t e i n s .  J .  o f  F o o d  S c i .  26 .,  p p  2 5 3 - 2 5 7 .
S c h l e i f ,  R . F .  a n d  W e n s i n k ,  P . C .  ( 1 9 8 1 ) .  P r a c t i c a l  M e t h o d s  i n  
M o l e c u l a r  B i o l o g y . S p r i n g e r - V e r l a g ,  N e w  Y o r k .
S c h w e n ,  R . J .  a n d  M a n n e r i n g ,  G . J .  ( 1 9 8 2 ) .  H e p a t i c  c y t o c h r o m e  P -  
4 5 0  d e p e n d e n t  m o n o x y g e n a s e  s y s t e m s  o f  t h e  t r o u t ,  f r o g  a n d  
s n a k e .  I .  C o m p o n e n t s .  C o m p .  B i o c h e m .  P h y s i o l .  7 1 B ,  p p  4 3 1 -  
4 3 6 .
S c o p e s ,  R . K .  ( 1 9 8 2 )  . P r o t e i n  P u r i f i c a t i o n :  P r i n c i p l e s  a n d
P r a c t i c e . S p r i n g e r - V e r l a g ,  N e w  Y o r k ,  p p  1 8 5 - 1 9 3 ,  2 4 0 ,  2 6 5 -  
2 6 6 .
S h a n b h a g ,  V . P .  a n d  A x e l s s o n ,  C . G .  ( 1 9 7 5 ) .  H y d r o p h o b i c  
i n t e r a c t i o n  d e t e r m i n e d  b y  p a r t i t i o n  i n  a q u e o u s  t w o - p h a s e  
s y s t e m .  E u r .  J .  B i o c h e m . 60., p p  1 7 - 2 2 .
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S h a r p ,  A .  a n d  O f f e r ,  G .  ( 1 9 9 2 )  . T h e  m e c h a n i s m  o f  f o r m a t i o n  o f  
g e l s  f r o m  m y o s i n  m o l e c u l e s .  J .  S c i .  F o o d  A g r i c . 5 8 , p p  6 3 -  
7 3  .
S h a w ,  S . J  W o y e w o d a  A . D  a n d  B l i g h ,  E . G  ( 1 9 8 3 ) .  E f f e c t  o f  
p o t a s s i u m  s o r b a t e  a p p l i c a t i o n  o n  s h e l f  l i f e  o f  A t l a n t i c  c o d  
( G a d u s  m o r h u a ) .  C a n . I n s t .  F o o d  S c i .  T e c h .  J . 1 6 : 2 3 7 .
S h e c h t e r ,  I .  ( 1 9 7 4 )  S e p a r a t i o n  o f  p r o t e i n s  b y  H i g h - S p e e d  
P r e s s u r e  L i q u i d  C h r o m a t o g r a p h y .  A n a l .  B i o c h e m . 58 .,  p p  B O ­S S .
S h e n o u d a ,  S . Y . K  a n d  P i g g o t ,  G . M .  ( 1 9 7 6 ) .  E l e c t r o n  p a r a m a g n e t i c  
r e s o n a n c e  s t u d i e s  o f  a c t i n - l i p i d  i n t e r a c t i o n  i n  a q u e o u s  
m e d i a .  J .  A g r i c .  F d  C h e m  2 4  ( 1 ) . p p  1 1 - 1 5 .
S h e n o u d a ,  S . Y . K .  ( 1 9 8 0 ) .  T h e o r i e s  o f  p r o t e i n  d e n a t u r a t i o n  d u r i n g  
f r o z e n  s t o r a g e  o f  f i s h  f l e s h .  I n :  A d v a n c e s  i n  F o o d
R e s e a r c h . 26 .,  p p  2 7 5 - 3 1 1 .
S h e n o u d a ,  S . Y . K .  a n d  P i g g o t ,  G . M .  ( 1 9 7 4 ) .  L i p i d - p r o t e i n  
i n t e r a c t i o n  d u r i n g  a q u e o u s  e x t r a c t i o n  o f  f i s h  p r o t e i n  
m y o s i n - l i p i d  i n t e r a c t i o n .  J .  o f  F o o d  S c i .  3 9 . p p  7 2 6 - 7 3 4 .
S h e n o u d a ,  S . Y . K .  a n d  P i g g o t t ,  G . M .  ( 1 9 7 5 ) .  L i p i d - p r o t e i n  
i n t e r a c t i o n  d u r i n g  a q u e o u s  e x t r a c t i o n  o f  f i s h  p r o t e i n :  f i s h  
p r e p a r a t i o n  a n d  p u r i f i c a t i o n .  J .  o f  F o o d  S c i .  4 0 , p p  5 2 0 -  
5 2 3 .
S h e n o u d a ,  S . Y . K  a n d  P i g o t t  G . M  ( 1 9 7 7 ) .  F i s h  m y o f i b r i l l a r  p r o t e i n  
a n d  l i p i d  i n t e r a c t i o n  i n  a q u e o u s  m e d i a  a s  d e t e c t e d  b y  
i s o t o p e  l a b e l i n g ,  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n ,  
p o l y a c r y l a m i d e  e l e c t r o p h o r e s i s  a n d  e l e c t r o n  p a r a m a g n e t i c  
r e s o n a n c e .  I n :  P r o t e i n  C r o s s l i n k i n g :  B i o c h e m i c a l  a n d
m o l e c u l a r  a s p e c t s .  ( A d v  E x p e r  M e d  B i o l  8 6 - A ) , e d  F r i e d m a n  
M . P l e n u m  P r e s s ,  N e w  Y o r k .  p p 6 5 7 - 6 8 6 .
S h e r m a n ,  J . K .  a n d  L i u ,  K . C .  ( 1 9 7 6 )  . R e l a t i o n  o f  i c e  f o r m a t i o n  
u l t r a s t r u c t u r a l  C r y o i n j u r y  a n d  C r y o p r o t e c t i o n  o f  r o u g h  
e n d o p l a s m i c  r e t i c u l u m .  C r y o b i o l o g y  13., p p  5 9 9 - 6 0 8 .
S h e w a n ,  J . M . ,  M c I n t o s h ,  R . G . ,  T u c k e r ,  C . G .  a n d  E h r e n b e r g ,  A . S .  
( 1 9 5 3 ) .  J .  S c i .  F d  A g r i c . 4 ,  p p  2 8 3 .
S h e w a n ,  J . M .  ( 1 9 6 2 ) .  T h e  b a c t e r i o l o g y  o f  f r e s h  a n d  s p o i l a g e  f i s h  
a n d  s o m e  r e l a t e d  c h e m i c a l  c h a n g e s .  R e c e n t  A d v a n c e s  i n  F o o d
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S c i e n c e . E d :  H a w t h o r n  a n d  L e i t c h .  B u t t e r w o r t h s ,  L o n d o n .
V o l . 1 .
S h i m i z u ,  M . ,  S a i t o ,  M .  a n d  Y a m a u c h i ,  K .  ( 1 9 8 6 ) .  H y d r o p h o b i c i t y  
a n d  e m u l s i f y i n g  a c t i v i t y  o f  m i l k  p r o t e i n s .  A g r i c .  B i o l .  
C h e m . 50 .,  p p  7 9 1 - 7 9 2 .
S h i m o m u r a  ( 1 9 7 6 ) .  P r o c .  A n n u a l  M e e t i n g  o f  J a p a n  S o c .  S c i .  F i s h  
p  8 9 .
S h o r t ,  J . H .  a n d  O u r s ,  C . W .  ( 1 9 7 5 )  . H e t e r o c y c l . C h e m . 12., p p  8 6 9 .
S i k o r s k i ,  Z .  ( 1 9 7 8 )  P r o t e i n  c h a n g e s  i n  m u s c l e  f o o d s  d u e  t o  
f r e e z i n g  a n d  f r o z e n  s t o r a g e .  I n t .  J . R e f r i g e r a t i o n . 1 ( 3 ) , p p  
1 7 3 - 1 8 0 .
S i k o r s k i ,  Z .  ( 1 9 8 0 ) .  S t u d i e s  a n d  p r o t e i n s  o f  f i s h  a n d  s h e l l f i s h .  
A d v a n c e s  i n  F i s h  S c i e n c e  a n d  T e c h n o l o g y . E d :  C o n n e l l ,  J . J .  
F i s h i n g  N e w s  B o o k s  L t d ,  L o n d o n ,  p p  7 8 - 8 5 .
S i k o r s k i ,  Z .  a n d  K o s t u c h ,  S .  ( 1 9 8 2 ) .  T M A O a s e ; i t s  o c c u r r e n c e ,  
p r o p e r t i e s ,  a n d  r o l e  i n  c h a n g e s  i n  f i s h .  F o o d  C h e m . 9 ,  p p  
2 1 3 - 2 2 2 .
S i k o r s k i ,  Z . ,  O l l e y ,  J .  a n d  K o s t u c h ,  S .  ( 1 9 7 6 ) .  P r o t e i n - c h a n g e s  
i n  f r o z e n  f i s h .  C R C  C r i t i c a l  R e v i e w s .  F d  S c i .  N u t r . 8 ( 1 ) , 
p p  9 7 - 1 2 9 .
S i k o r s k i ,  Z . E .  ( 1 9 8 0 )  . S t r u c t u r e  a n d  p r o t e i n s  o f  f i s h  a n d  
s h e l l f i s h .  P a r t  2 .  I n :  A d v a n c e s  i n  F i s h  S c i e n c e  a n d  
T e c h n o l o g y . E d :  C o n n e l l ,  J . J .  ( 1 9 8 0 ) .  F i s h i n g  N e w s  B o o k s  
L t d ,  E n g l a n d ,  p p  7 8 - 8 5 .
S i k o r s k i ,  Z . E . ,  S c o t t ,  D . N . ,  B u i s s o n ,  H . D . ( 1 9 8 4 ) .  T h e  r o l e  o f
c o l l a g e n  i n  t h e  q u a l i t y  a n d  p r o c e s s i n g  o f  f i s h .  C r i t i c a l  
R e v i e w s  i n  F o o d  S c i e n c e  a n d  N u t r i t i o n  2 0  ( 4 ) . p p  3 0 1 - 3 4 3 .
S i m u d u ,  U .  a n d  S i m u d u ,  W .  ( 1 9 5 7 ) .  S t u d i e s  o n  m u s c l e  o f  a q u a t i c  
a n i m a l s .  B u l l .  J a p .  S o c .  S c i .  F i s h . 2 3 . 4 4 2 - 4 4 5 .
S k a a r a ,  T .  a n d  R e g e n s t e i n ,  M .  ( 1 9 9 0 )  . T h e  s t r u c t u r e  a n d  t h e  
p r o p e r t i e s  o f  m y o f i b r i l l a r  p r o t e i n s  i n  b e e f ,  p o u l t r y  a n d  
f i s h .  J .  M u s c l e  F o o d s , 1 ,  p p  2 6 9 - 2 9 1 .
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S k l a r ,  L . A . ,  H u d s o n ,  B . S .  a n d  S i m o n i ,  R . D . ( 1 9 7 7 ) .  C o n j u g a t e d  
p o l y e n e  f a t t y  a c i d s  a s  f l u o r e s c e n t  p r o b e s :  b i n d i n g  t o  
b o v i n e  s e r u m  a l b u m i n .  B i o c h e m . 16., p p  5 1 0 0 - 5 1 0 8 .
S k r i k a r ,  L . W .  a n d  R e d d y ,  G . V . S .  ( 1 9 9 1 ) .  P r o t e i n  s o l u b i l i t y  a n d  
e m u l s i f y i n g  c a p a c i t y  i n  f r o z e n  s t o r e d  f i s h  m i n c e .  J .  S c i .  
F o o d  A a r i c . 5 5  ( 3 ) . p p  4 4 7 - 4 5 3 .
S l a d e ,  L .  a n d  L e v i n e ,  H .  ( 1 9 8 8 ) .  S t r u c t u r a l  s t a b i l i t y  o f  
i n t e r m e d i a t e  m o i s t u r e  f o o d s -  A  n e w  u n d e r s t a n d i n g .  I n  F o o d  
S t r u c t u r e - I t s  C r e a t i o n  a n d  E v a l u a t i o n .  J . M . V  B l a n s h a r d  a n d  
J . R  M i t e c h e l  ( e d ) , B u t t e r w o r t h s ,  L o n d o n  p p  1 1 5 - 1 8 0 .
S m i t h ,  G . C . ,  J u n h ,  H . , C a r p e n t e r ,  Z . L . ,  M a t t i l ,  K . F . ,  C a t e r ,  C .  
M . ( 1 9 7 3 ) .  E f f i c a c y  o f  p r o t e i n  a d d i t i v e s  a s  s t a b i l i z e r s  i n  
F r a n k f u r t e r s .  J o u r n a l  o f  F o o d  S c i e n c e  38., p p  8 4 9 - 8 5 5 .
S m o l l e r ,  M .  a n d  F i n e b e r g ,  R . A .  ( 1 9 6 4 )  . P u r i f i c a t i o n  o f  m o u s e  
m y o s i n  b y  g e l  f i l t r a t i o n .  B i o c h i m .  B i o p h y s .  A c t a  86., p p  
1 8 7 - 1 8 9 .
S p i n e l l i ,  J .  a n d  K o u r y ,  B .  ( 1 9 7 9 )  . N o n e n z y m i c  f o r m a t i o n  o f  
d i m e t h y l a m i n e  i n  d r i e d  f i s h e r y  p r o d u c t s .  J .  A g r i c .  F o o d  
C h e m . 2 7 . p p  1 1 0 4 - 1 1 0 8 .
S p i n e l l i ,  J .  a n d  K o u r y ,  B . J .  ( 1 9 8 1 ) .  S o m e  n e w  o b s e r v a t i o n s  o n  
t h e  p a t h w a y s  o f  f o r m a t i o n  o f  d i m e t h y l a m i n e  i n  f i s h  m u s c l e  
a n d  l i v e r .  J .  A g r i c .  F o o d  C h e m . 2 9 . p p  3 2 7 - 3 3 1 .
S p i n e l l i ,  J . ,  E k l u n d ,  M .  a n d  M i y a n c h i ,  D .  ( 1 9 6 4 ) .  M e a s u r e m e n t  o f  
h y p o x a n t h i n e  i n  f i s h  a s  a  m e t h o d  o f  a s s e s s i n g  f r e s h n e s s .  
J o u r n a l  o f  F o o d  S c i e n c e . 29 .,  p p  7 1 0 - 7 1 4 .
S h a d i n g ,  M .  a n d  H e r m a n s s o n ,  A . M  ( 1 9 9 1 ) .  L a r g e  d e f o r m a t i o n  
p r o p e r t i e s  o f  £ - l a c t o g l o b u l i n  g e l  s t r u c t u r e s .  F o o d  
H y d r o c o l l . 5 :  3 3 9 - 3 5 2 .
S t e l l w a g ,  E . J .  a n d  D a h l b e r g ,  A . F .  ( 1 9 8 0 ) .  E l e c t r o p h o r e t i c  
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Appendix 1.1 Typical formaldehyde leve ls  detected in fish
f i l l e t s  and mince under d iffe ren t storage
conditions.
Method o f  
a n a ly s i s
S p e c ie s S to ra g e
c o n d it io n s
FA.
Produced
EP
(%)
Nash (1953) w ith  
m o d if ic a t io n s  (1)
S o u rce : (1)
cod (Gadus 
morhua) 
[ f i l l e t s ]
-5 °C
0-60 days
0 . 4- 1 34
(ppm)
0-66
Nash (1953) w ith  
m o d if ic a t io n s  (1)
S o u rce : (1)
p o l la c k  
( Pollachius 
virens) 
[ f i l l e t s ]
-5 °C
0-60 days
0 . 7 - 4 6
(ppm)
24-52
Nash (1953) w ith  
m o d if ic a t io n s  (1)
S o u rce : (1)
cu sk  (Brosme 
brosme) 
[ f i l l e t s ]
-5 °C
0-60 days
2 .4-166  
(ppm)
16-80
Nash (1953) w ith  
m o d if ic a t io n s  (1)
S o u rce : (1)
hake
(Merluccius 
b ilinearis ) 
[ f i l l e t s ]
-5 °C
0-60 d ays
3-266
(ppm)
19-80
Nash (1953) w ith  
m o d if ic a t io n s  (1)
S o u rce : (2)
cod (Gadus 
morhua) 
[mince]
ic e d
0-10 days
i n i t i a l
FA
2 4 .1+mol/ 
100g
•k kick k
D yer, W.J .  and 
Mounsey, Y .A .  
(1945) .
FA e st im a te d  on 
eq u im o lar b a s is  
from DMA
S o u rce : (3)
cod (Gadus
morhua)
m ince
-7 °C  
5 d a y s .
Maximum
FA
d e te c te d  
0 . 86mg/g
k kk k k
Nash (1953) w ith Red hake - 7 °C . 0 . 0 6 - 0 . 1 3 k k k k
m o d if ic a t io n s  (1) ( Urophycis (2-16 wks) (mmoles
chuss) FFA
/100g)
0 . 1 3 - 0 . 5 6 k k k k
(mmoles
BFA/lOOg)
S o u rce : Owusu-
Ansah and H u lt in
(1986)
S o u rc e s : (1) C a s t e l l ,  C . H.  and Sm ith, B . ( 1973) ;  (2) R eece , 
P. (1983) ; (3) Matthews e t  a l . (1980) ; (4) D yer and Mounsey 
(1945) ;  Nash (1953) .
E x t r a c t a b le  p r o t e in  p e r cen t d e cre a se  
Form aldehyde
E x t r a c t a b le  p r o t e in  was not determ ined  
Week(s)
EP (%) 
FA
•k k kk k
wk (s)
Appendix 1.2 Typical trimethylamine oxide (TMAO) leve ls
detected in fish  f i l l e t s  and mince at
d iffe ren t storage conditions.
Method of a n a ly s is S p e c ie s S to rag e
c o n d it io n s
TMAO-N
Dver e t  a l .
(1952) .
w ith  m o d if ic a t io n s  
a cco rd in g  to  
Towaza e t  a l .
(1970)
S o u rc e : Svensson  
(1980)
b lu e  w h it in g  
(Mi cromesistius 
poutassou) 
m in c e s .
-20° C
Owk
- 20° C
7wks
- 2 0 °C l lw k s
96
(mg/lOOg)
96
(mg/lOOg)
9.8
(mg/lOOg)
Gas l iq u id  
chrom atography
S o u rce : Lundstrom  
and R a d ic o t ,
(1983)
s e v e r a l  e x t r a c t s  
from e . g .  red  
hake (Urophycis 
chuss) ; cod 
( Gadus morhua) ;  
haddock
(Mellanogrammus 
aeglefinus) ; 
p o lla c k  
(pollachius 
v ir e n s ) ; w h ite  
hake (Urophycis 
tenius) ;
A m erican  p la ic e  
(Hippoglossoides 
platessoides ) ;  
b la c k b a c k  
f lo u n d e r  
(Pseudopleuronec 
tes americanus) 
and sq u id  (I l l e x  
i l le c eb ro su s ) .
f r e s h  and 
v e ry  o ld  
f i s h
0 . 1 - 6 6  .4 
(mg/lOOg)
S o u rce : Reece,  
(1983)
cod (Gadus 
morhua)
ic e d  0-10  
days
1 9 . 9 - 2 2 . 9
/unol/100g
S o u rce : S ik o r s k i  
and K o stu ch , 
(1982)
cod ( Gadus 
morhua)
-1 8 °C 40 
days
30mg/100g 
« 20% EP 
d e cre a se
230mg/100 
g « 80%
EP
d e cre a se
S o u rce : Ik e d a , 
(1980)
E lasm o branch  
(Mustelus 
monazo) t i s s u e
500-1500
mg/lOOg
EP (%) 
wk (s)
= E x t r a c t a b le  p r o t e in  p e r  cen t d e c re a se .  
= Week(s)
Appendix 1.3 Typical trimethylamine le ve ls  detected in
fish  f i l l e t s  and mince at d iffe ren t storage
conditions.
Method of 
a n a ly s i s
S p e c ie s s to ra g e
c o n d it io n s
TMA-N
D ver e t  a l  
(1952) w ith  
m o d if ic a t io n s  
Towaza e t a l . 
(1970)
B lu e  w h it in g  
(Micromesistius 
poutassou) m in c e s .
-20 °C  
0-11 wks
0 . 4 - 0  . 8 
(mg/lOOg)
S o u rce : Svensson  
(1980)
D yer and Mounsey 
(1945)
Nephrops 
norvegicus
i c e d  0-11  
days
2-30
(mg/lOOg)
cod (Gadus morhua) ic e d  0-11  
days 0-8
(mg/lOOg)
S o u rc e : S troud  
e t a l . (1982)
wk(s ) = we e k(s )
Appendix 1 .4  T y p ic a l  t o t a l  v o l a t i l e  b ase  (TVB) l e v e l s  
d e te c te d  in  f i s h  f i l l e t s  and m ince under  
d i f f e r e n t  s to ra g e  c o n d it io n s .
Method of a n a ly s is S p e c ie s S to rag e
c o n d it io n s
TVB-N
(mg/lOOg)
D yer and Mounsey 
( 1945) .
nephrops 
norvegicus
ic e d  0-11  
days
30-90
cod (Gadus 
morhua)
ic e d  0-11  
days
19-35
S o u rc e : S tro u d  e t  
a l .  (1982)
Appendix 1.5 Typical dimethylamine leve ls  detected in
fish  f i l l e t s  and mince at d iffe ren t storage
conditions.
Method of  
a n a ly s i s
S p e c ie s sto ra g e  j
c o n d it io n
s
DMA-N
D yer and Mounsey, 
(1945)
S o u rce : Svensson  
(1980)
b lu e  w h it in g  
(Micromesistius 
poutassou) 
m in c e s .
-20°C  
0-11 wks
i n i t i a l l y  
v a r ie d  between  
1 . 1 - 2  .4 
(mg/lOOg)
D yer and Mounsey 
(1945)
S o u rc e : Matthews 
e t a l . f 1980)
cod ( Gadus 
morhua) f i l l e t s
- 7 °C  
5 days
44 (mg/lOOg)
Ion-M oderated  
p a r t i t io n  HPLC
S o u rce : G i l l  and 
Thompson (1984)
cod ( Gadus 
morhua)
ic e d  up 
to  5days
mg/lOOg
te n d e r ;
33mg/100g 
tough and
15mg/100g poor 
upper l im i t  
(Shaw e t  a l . 
1983)
Gas l iq u i d  
chrom atography
S o u rc e : Lundstrom  
and R a d ic o t  
(1983)
s e v e r a l  e x t r a c t s  
from e . g .  red  
hake (Urophycis 
chuss); cod 
(Gadus morhua) ; 
haddock
(Mellanogrammus 
aeglefinus) ; 
p o lla c k  
(pollachius 
v ir e n s ) ; w h ite  
hake (Urophycis 
ten iu s ) ;
A m erican p la ic e  
(Hippoglossoides 
platessoides) ; 
b la ck b a ck  
f lo u n d e r  
(Pseudopleuronec 
tes americanus) 
and sq u id  (I l l e x  
illecehrosus) .
from
f r e s h  and 
v e r y  o ld  
f i s h
0 . 2 - 8 7 . Omg/g
D yer and Mounsey 
(1945)
S o u rce : Owusu- 
Ansah and H u lt in  
(1986)
Red hake  
(Urophycis 
chuss)
- 7 °C  
2-16wks
0 . 1 9 - 0 . 6 9
mmoles/lOOg
sam ple
D yer and Mounsey 
(1945) .
S o u rce : S p i n e l l i  
and Koury (1981)
P a c i f i c  w h it in g  
(Merluccius 
productus) , 
Dover s o le  
(Microstomus 
pacificus) , 
r o c k f is h  
(Sebastes 
ruberimus)
-5 °C
0-70 days
0 . 5 0 - 5 . 8 5  
mg/lOOg
cod ( Gadus 
morhua)
-18 °C  
40days
6mg/l00g
« 20% EP !
d e cre a se
17mg/100g 
« 80% EP 
d e c r e a s e .
A la s k a  p o l la c k -5C ° to  - 
4 0 °C 60 
days
6 . 4 - 8 . 0  | 
mg/lOOg 50% EP 
d e cre a se  in  
m yosin .
S o u rce : S ik o r s k i  
and K o stuch  
(1982)
D yer and Mounsey 
(1945)
S o u rce : C raw ford , 
(1979)
S i l v e r  hake  
(Merluccius 
b i l l in e a r is ) ; 
t ru e  cod ( Gadus 
macrocephalus) 
f i l l e t s
-26 °C  
12months
1 . 6 - 3 . 7  
mg/lOOg
D yer and Mounsey 
(1945)
hake (M. 
capensis)
-5 °C 0-221 mg/kg 
f i l l e t .
hake
{M. paradoxus)
-5 °C 0-54 mg/kg 
f i l l e t
hake
{M. capensis)
-18 1 . 3- 199  mg/kg 
f i l l e t ,
hake (AT. 
paradoxus)
-18 °C
hake (M. 
capensis)
i +=> o o O 0 - 0 . 3  mg/kg 
f i l l e t
hake (M. 
paradoxus)
-40 °C 0 . 6 - 3  mg/kg
A c c e p t a b i l i t y  
ra n g e :
94-194  
a c c e p t a b le .
above 194 
u n a c c e p ta b le
S o u rc e : de Koning  
and Mol (1992) f i l l e t
EP (%) 
wk (s)
= E x t r a c t a b le  p r o t e in  p e r  cen t d e c re a s e .  
= week(s)
Appendix 5 .1  O p e ra tin g  c o n d it io n s  o f C a rri-M e d  CLS-100  
R heom eter.
Measurement system cone and p la t e
Cone an g le 2 : 0 0 : 0 0  d e g : m i n : s e c
Cone d iam eter 2 . 0cm
Measurement system  gap 62pm
Measurement system  i n e r t i a 0.1700 p N.ms"2
E q u i l ib r a t io n  tim e 10 s e c .
S e t t le  tim e 3 s e c .
Experim ent mode fre q u e n cy  sweep
Tem perature 25 °C
Torque lOOOjiN.m
S t a r t  fre q u en cy 0 .1Hz
End freq u en cy 4 0 .0Hz
Number of p o in ts 20
Time p e rio d 5 m inutes
Appendix 4 .1  O p e ra tin g  c o n d it io n s  f o r  th e  D en sito m e te r, 
Shim adzu CS-9001PC.
Photo mode T ra n sm iss io n
L in e a r iz e r O ff
Lamp node V i s i b l e
Y R e so lu t io n 0.20
Scan type Z ig  Zag
Scan mode Normal
ZZ Width 6
BC smooth 8
Zero mode BC
W avelength mode S in g le
Sample w ave leng th 550nm
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